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ABSTRACT 
JELENA PETROVIC:  Catecholamine Release and Transport in the Adrenal Gland             
(Under the direction of Dr. R. Mark Wightman) 
 
 Isolated chromaffin cells have been extensively studied as model neuronal cells.  
These studies have revealed a plethora of information regarding the last stage of stimulus-
secretion coupling or exocytosis.  However, preparations of isolated chromaffin cells lack the 
ability to communicate and exhibit a number of phenotypic modifications that render them 
functionally different from their physiological counterparts.  It is therefore highly desirable to 
probe the secretory process of exocytosis in a preparation that mimics in vivo conditions 
more accurately.  Adrenal tissue slices are starting to become the preparation of choice for 
exocytotic studies.  The morphological architecture of the adrenal gland and the timescale of 
exocytotic events necessitate a detection method that has both temporal and spatial 
resolution to accurately examine chemical messenger dynamics.  Electroanalytical 
techniques, in particular fast-scan cyclic voltammetry and constant-potential amperometry, 
at carbon-fiber microelectrodes satisfy both of the detection requirements and also offer 
exquisite selectivity for electroactive chemical messengers.   
This dissertation focuses on explorations of catecholamine exocytosis in the intact 
adrenal gland.  The small size of the carbon-fiber microsensor was exploited in detailed 
investigations of catecholamine dynamics within various adrenomedullary compartments.  
Constant-potential amperometry was utilized in the pursuit of the underlying causes of 
unexpected spontaneous catecholamine transients.  Additionally, the balance between 
exocytotic release and clearance of catecholamines from the extracellular space was 
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studied by employing fast-scan cyclic voltammetry.  Finally, electrical stimulation parameters 
were varied to determine the conditions resulting in the most efficacious and least damaging 
electrical stimulation.  The findings in this work offer the first real-time overview of the fate of 
catecholamines as they traverse various adrenomedullary compartments on their journey to 
the blood stream.         
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CHAPTER 1 
ELECTROCHEMICAL MONITORING OF EXOCYTOSIS 
 
Introduction 
 The secretory event of exocytosis has been one of the most extensively studied 
biological signal transmission processes.  As of July 2009, a search for “exocytosis” on 
www.pubmed.com, a service of the U.S. National Library of Medicine and the National 
Institutes of Health, returns roughly 16,645 publications.  Its physiological importance arises 
from the fact that exocytosis is the main process via which neurons, the fundamental 
building blocks of the nervous system, communicate intercellularly.  While chemical signal 
transmission as a mechanism of interneuronal communication has been demonstrated by 
Bernard Katz and colleagues (Fatt and Katz, 1952; Del Castillo and Katz, 1954; Katz and 
Miledi, 1969), detailed studies of the dynamics and kinetics of this secretory process have 
only been feasible in the past 20 years due to the advancements in chemical analysis and 
the ability to sequence genomes.  These studies have revealed that during exocytosis 
secretory vesicles carrying tightly packaged neurotransmitters fuse with the cell’s membrane 
and extrude intravesicular content into the extracellular space.  Upon extrusion, the released 
neurotransmitters exhibit their actions at specialized locations on signal-receiving cells 
known as receptors. 
 Much of what is presently known about exocytosis can be attributed to the 
advancements in the fields of electrophysiological and electrochemical measurements.  In 
particular, patch-clamp technique, fast-scan cyclic voltammetry, and constant-potential 
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amperometry have been heavily utilized in the initial mechanistic studies of exocytosis.  
Traditionally, primary cultures of isolated chromaffin cells, the secretory cells of the adrenal 
gland have been employed.  In this chapter the above mentioned techniques as well as the 
major exocytosis mechanistic findings are reviewed.    
Real-time monitoring of exocytosis:  patch-clamp electrophysiology 
 Patch-clamp technique remains the most commonly employed method for real time 
recordings of exocytosis.  Invented by German scientists Drs. Erwin Neher and Bert 
Sakmann in 1976, patch-clamp was the first technique to allow for detection of small 
electrical currents (pA regime) associated with a single ion channel opening event (Neher 
and Sakmann, 1976).  In 1982, Neher published a landmark paper in which he reported the 
application of patch-clamp to real time studies of single vesicular release events of 
neurotransmitter exocytosis (Neher and Marty, 1982).  When conducting neurotransmitter 
release measurements with patch-clamp the changes in capacitance of cell’s membrane are 
recorded and computed.  An electrical equivalent circuit used as a basis for capacitance 
measurements is shown in Figure 1.1 (Borges et al., 2008).  Since cell’s membrane 
capacitance (specific capacitance=10 fF/µm2) is proportional to the membrane area (2.5–6 
pF for a 10 µm diameter cell ), upon fusion of a secretory vesicle (100–400 nm in diameter) 
with the cell membrane, the capacitance increases by ~0.5-2.5 fF (Neher and Marty, 1982; 
Kilic, 2002; Teschemacher, 2005).  In order to detect such minute changes in membrane 
capacitance, low noise instrumentation and high signal-to-noise are required.  This was 
achieved by inclusion of a phase-sensitive detector, lock-in amplifier, into the patch-clamp 
set up (Neher and Marty, 1982).  Furthermore, background noise of ~0.1 fFrms was achieved 
by positioning a glass micropipette against cell’s membrane and creating a high resistance 
seal (GΩ range).   
Figure 1.1. Patch-clamp capacitance measurements. The circuit shows an electrical
equivalent of a biological cell patched with a glass capillary (whole-cell configuration). RA
is the resistance through the patch-clamp capillary; Cm and Rm and are the membrane
capacitance and resistance respectively. From Borges et al., 2008.
3
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While patch-clamp technique has permitted recordings of the secretory process of 
exocytosis at mast and chromaffin cells, its major drawback is signal convolution by 
endocytosis.  This process of engulfing extracellular material by the cell membrane and 
bringing it into the cell lessens the measurement of the cell’s membrane capacitance.  
Therefore, the measured change in capacitance corresponds to the net effect of concurrent 
exocytotic and endocytotic processes.  Other factors, such as the size of synaptic vesicles, 
must be taken into consideration when employing patch-clamp technique.  Due to its limit of 
detection (0.5 fC at best), patch-clamp only allows for exocytotic studies of large synaptic 
vesicles (> 100 nm) such as the ones found in chromaffin cells of the adrenal gland 
(Grabner et al., 2006).  It is impossible to study exocytosis employing this technique at 
neurons of the central nervous system since they contain small synaptic vesicles that are on 
average 50 nm in diameter (Staal et al., 2004).  The temporal resolution of the patch-clamp 
technique that is around 10 ms further limits its application to neuronal exocytotic studies.  
While chromaffin cells undergo exocytosis on a time scale of > 10 ms, neurons do so in a < 
1 ms (Hochstetler et al., 2000).  Additionally, a successful clamping of a biological cell and 
creation of a GΩ seal is a must when obtaining fC capacitance measurements.  Hence, 
optimal clamping conditions are dependent on cell geometry and they can be attained at 
round cell membranes lacking any processes. Patch-clamp lacks spatial resolution desirable 
for exocytotic studies at neuronal dendrites and axons (Teschemacher, 2005).  Finally, 
patch-clamp gives no information of the vesicular content or its chemical makeup.   
Despite of all of its drawbacks, patch-clamp still remains an attractive technique for 
most laboratories interested in conducting biophysical measurements of exocytosis at 
biological cells containing large synaptic vesicles.  In combination with commercially 
available, low-cost, and low-noise instrumentation that is geared towards studies of rapid 
secretory processes at neuronal cells with geometries that cannot be represented by 
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functions, microelectroanalytical methods that offer the necessary temporal and spatial 
resolution are becoming more popular.     
Real-time monitoring of exocytosis:  microelectroanalytical methods 
 Monoaminergic neurotransmitters dopamine, epinephrine (adrenaline), 
norepinephrine (noradrenaline), histamine, and serotonin are tightly packaged within 
vesicles located in presynaptic cells.  Upon a delivery of a stimulus, these neurotransmitters 
are released into the synaptic cleft via exocytosis.  In a traditional chemical synapse, 
exocytosed monoamines undergo diffusion across the synaptic cleft and exert their actions 
by binding to postsynaptic receptors, specialized locales on signal-receiving cells (Burgoyne 
and Morgan, 2003).   The mechanisms of intracellular steps leading to exocytosis of 
secretory vesicles carrying catecholamines, a family of monoaminergic neurotransmitters 
containing a catechol group, have been described in detail in the literature and their 
complexity is outlined in Figure 1.2 (Burgoyne et al., 1993; Burgoyne and Morgan, 1998; Lin 
and Scheller, 2000; Sugita, 2008; Suudhof, 2008).  Exocytosis itself is a rapid process that 
occurs on a millisecond time scale.  Hence, monitoring exocytosis in real-time requires a 
detection scheme capable of precise measurement of released monoamines.       
Only a few biologically relevant molecules display redox chemistry and as such they 
are amendable to electroanalysis.  Hence, electroactive catecholamines as well as 
monoamines histamine and serotonin can be probed by electroanalysis (Adams and 
Marsden, 1982).  When coupled with sensors that are in size comparable to isolated 
biological cells (< 15 µm in diameter), the added temporal and spatial resolution makes 
electroanalysis the only analytical method capable of unraveling rapid and dynamic 
chemical changes within biological microenvironments.  The sensor plays a role of 
 
Figure 1.2. Chemical signal transmission. Vesicular release of chemical messengers
from the presynaptic cell involves a series of complex intracellular steps (1-6) culminating
in exocytosis (7 and 8). The postsynaptic cell receives chemical signals through
specialized locations on cell’s membrane known as postsynaptic receptors. From Südhof
2008.
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postsynaptic or signal-receiving cell.  In 1991, our laboratory has reported on the first time-
resolved electrochemical measurement of quantal secretion of catecholamines from 
individual chromaffin cells (Wightman et al., 1991; Amatore et al., 2008).  Oxidation 
reactions for catecholamines are outlined in Figure 1.3.  Since then electroanalysis has 
been used extensively in studies of the final steps of exocytosis of electroactive 
neurotransmitters in complex biological matrices (Amatore et al., 2008).       
Voltammetric electrodes for detection of electroactive chemical messengers 
Electrochemical measurements in both artificial and biological environments 
frequently employ micron size sensors (Figure 1.4), more commonly known as 
microvoltammetric electrodes or ultramicroelectrodes (from here on they will be referred to 
as µelectrodes).  Described a few decades ago, the µelectrode have since been applied to a 
multitude of analytical problems (Wightman and Wipf, 1990).  In liquid chromatography, their 
small size allows for them to be used as a detector for low concentrations of electroactive 
analytes in small volume columns (White et al., 1993).  In scanning electrochemical 
microscopy the µelectrode is rastered across a surface of interest containing an 
electroactive compound.  The currents that flow due to diffusion-limited electrolysis of the 
compound yield topographical information (Gonsalves et al., 2000).  In biological systems, 
the spatial resolution of µelectrode is exploited while probing rapid and dynamic 
concentration changes of electroactive neurotransmitters (Adams, 1990; Clark and Ewing, 
1997; Millar, 1997; Michael and Wightman, 1999).   
Microelectrodes offer a number of advantages over conventional electrodes.  The 
most commonly employed µelectrode geometries for studies of minute biological 
environments include cylinders and disks (or elliptical µelectrodes) (Kissinger and 
Heineman, 1996).  The geometric electroactive area of a 100 µm cylindrical µelectrode is ~ 
Dopamine 
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NH3
+ O
O
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+
H
+
-2e
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Norepinephrine 
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+
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O
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+
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Figure 1.3. Catecholamine electrooxidation. Catecholamines dopamine,
norepinephrine, and epinephrine undergo a 2-electron oxidation. From Adams and
Marsden 1982.
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Carbon fiber
Glass 
Figure 1.4. Electron micrograph of a carbon-fiber elliptical microelectrode. Elliptical
surface of the sensor was fabricated by polishing it on a diamond abrasive plate at a 45°
angle. The microanalytical sensor is comparable in size to isolated biological cells and as
such it is highly suited for studies of architectural microenvironments within various
biological preparations.
10 µm
9
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1600 µm2 while that of a disk µelectrode is 35 µm2.  Due to their small electroactive areas, 
these sensors have reduced double-layer capacitance, subsecond temporal resolution, 
reduced ohmic drop, and improved faradaic to non-faradaic current ratios.  Additionally, 
small currents that are present at µelectrodes (pA to nA) allow for a two-electrode 
electrochemical system to be utilized instead of the conventional three-electrode system.  In 
terms of the in vivo analytical measurement, the two-electrode system is favored since it 
eliminates the need for auxiliary electrode that may cause neuronal activity perturbations 
due to current flow between it and a working electrode.  Lastly, their small size minimizes 
tissue damage (Peters et al., 2004) and they can be easily fabricated at low cost.         
Carbon fibers have been the material of choice for fabrication of µelectrodes 
employed in explorations of biological environments.  Carbon fibers are well suited for these 
studies due to their size (5-15 µm in diameter), relatively inert surfaces, resistance to signal 
drift over time, biocompatibility, and sensitivity (Kawagoe et al., 1993b; Clark et al., 1998).  
Additionally, carbon fiber surface chemistry dictates their electrochemical properties 
(McCreery, 1991).  Significant amount of oxides are present on polished carbon-fiber 
µelectrodes (Bath, 2000).  Catecholamines, which are protonated at physiological pH’s, 
readily adsorb onto the negatively charged µelectrode surface (carboxyl- and hydroxyl- 
groups).  The adsorption process leads to preconcentration of catecholamines at the 
µelectrode surface leading to an increase in sensitivity which is especially advantageous in 
direct electrochemical detection of local concentrations of analytes (low nM range) within 
complex biological matrices in vivo  (Heien et al., 2003).    For biological measurements, the 
µelectrode is commonly used in either amperometric or voltammetric detection mode.   
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Constant-potential amperometry 
Constant-potential amperometric detection (herein referred to as amperometry) 
employing carbon-fiber µelectrodes allows for real-time resolution and measurements of 
individual exocytotic events.  In amperometry carbon-fiber µelectrode is held at a DC 
potential sufficient to oxidize or reduce the analyte of interest.  Initial application of the DC 
potential at the µelectrode surface results in double-layer capacitance charging that decays 
exponentially with time so that it is negligible when recording begins.  This leads to improved 
signal to noise ratios.  Upon contact with the µelectrode surface, analyte is immediately 
electrolyzed and the resulting current can be sampled rapidly (Travis and Wightman, 1998; 
Troyer et al., 2002).  No time delay is observed in sensor response due to analyte’s 
oxidation or reduction since mass transport and electron transfer kinetics at µelectrode 
surface are the two factors that govern these measurements.  Therefore, the temporal 
resolution of amperometric measurements is ultimately determined by the current sampling 
rate.  Typical sampling rates for isolated biological cells and neurons lie in the 10-100 kHz 
range.  Hence, amperometry allows for submillisecond resolution of detected signals.  In 
spite of its advantages, amperometry lacks chemical selectivity and it can only be used once 
the chemical identity of the analyte has been established.  
Amperometry at carbon-fiber µelectrodes is the only electroanalytical technique that 
allows for real-time kinetic studies of the exocytotic process.  The initial studies employing 
amperometric detection focused primarily on quantitation of excytosed catecholamines at 
isolated biological cells.  In a typical amperometric experiment, disk shaped carbon-fiber 
µelectrode is gently placed against the cell surface and held at + 600 mV vs. Ag/AgCl 
(oxidation potential for catecholamines).  The close placement of the µelectrode restricts 
sampling volume to attoliters and it prevents diffusional dilution of released catecholamines 
(Hochstetler).  Exocytosis is evoked via delivery of a secretagogue such as K+ or Ba2+ that 
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directly depolarizes the cell membrane.  In amperometric mode, ongoing exocytosis is 
observed as a series of random current spikes.  Each amperometric spike corresponds to a 
release of single quanta of catecholamines:  a secretory vesicle fuses with the cell’s 
membrane and extrudes intravesicular material into the extracellular space (Figure 1.5).  
The amount of catecholamine released measured by amperometric recordings is easily 
computed from the area under an amperometric spike (Figure 1.6).  The integral of the 
current with respect to time yields charge passed at the electrode surface, Q.  The 
relationship between Q and the amount of catecholamine molecules oxidized (m) at the 
electrode surface is derived from Faraday’s Law: 
Q=nFm 
where n is number of electrons transferred (2 for catecholamines) and F is Faraday’s 
constant (96,485 C/equivalent) (Travis and Wightman, 1998).  Hence, Q is directly 
proportional to the number of moles of catecholamines oxidized.  Amperometric detection of 
zeptomole quantities of catecholamines released have been reported (Hochstetler et al., 
2000).  An additional amperometric spike parameter that yields kinetic information is spike’s 
width at half height (t1/2) that allows for the real-time course of an exocytotic release event to 
be determined.  Amperometric spikes widths of < 200 µs have been measured (Pothos et 
al., 1998).        
Fast-scan cyclic voltammetry 
Fast-scan cyclic voltammetry (FSCV) is an indispensable and powerful 
electrochemical technique in studies of monoamine exocytosis since it allows for chemical 
identification of analytes based on their signature oxidation and reduction potentials.  In 
cyclic voltammetric recordings, the potential applied to carbon-fiber µelectrode is 
intermittently scanned in a triangular manner.  The potential window is chosen based on the 
Figure 1.5. Probing transmitter exocytosis with constant-potential amperometry.
The rising phase of an amperometric spike corresponds to the fusion pore expansion and
extrusion of the intravesicular contents into the extracellular space (microelectrode
surface). The falling phase of a spike illustrates the full vesicular fusion event and the
closure of the fusion pore. From Evanko, D. Nature Methods, 2005, 2(9), 650.
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Figure 1.6. Quantitative catecholamine electroanalysis with amperometry.
Amperometric measurements yield a series of spikes corresponding to vesicular release of
catecholamines (representative current vs. time trace on top). The area under each one of
the spikes is directly related to the number of molecules released through Faraday’s Law.
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analyte’s established oxidation and reduction potentials.  Typically, for detection of 
catecholamines the potential is scanned from - 400 mV to + 1000 mV on the anodic scan 
and back to - 400 mV during the cathodic scan (Figure 1.7).  The scan rate commonly 
employed in this work was 600 V/s.  Such fast scan rates (> 100 V/s) are achievable at  
µelectrodes due to their small capacitance (Kissinger and Heineman, 1996).  In between 
potential scans, the µelectrode is commonly held at negative potentials to facilitate 
catecholamine adsorption (Heien et al., 2003).   The triangular waveform repetition 
frequency used in this work was 10 Hz.  The repetition frequency ultimately determines 
FSCV’s temporal resolution which lies in the subsecond range.          
Rapid potential scans at carbon-fiber µelectrodes lead to large background non-
faradaic currents that arise from charging and discharging of the double-layer capacitance 
and redox reactions of surface-bound oxygen-containing species (Kawagoe et al., 1993a; 
Runnels et al., 1999).  Double-layer capacitance is directly proportional to the electrode area 
which increases with surface roughness (Figure 1.8); non-faradaic currents that are present 
due to redox reactions of surface-bound species scale proportionally with the scan rate.  
When an analyte is introduced at the electrode surface, faradaic current that flows due to 
analyte’s redox processes is masked by the background current.  Since background current 
is relatively stable, digital background subtraction is possible and it must be employed in 
order to reveal the analyte’s cyclic voltammogram (Figure 1.9, bottom).  In this work, the 
magnitude of faradaic currents due to catecholamine oxidation and reduction lies in the 1-5 
nA range (Figure 1.9, middle) while the background currents at carbon-fiber elliptical 
microelectrodes are around an order of magnitude greater, ~ 30 nA (Figure 1.9, top).  The 
background signal at ~ 1 sec prior to the analyte’s electrochemical signal is used for digital 
background subtraction. 
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Figure 1.7. Catecholamine electroanalysis with fast-scan cyclic voltammetry. In
FSCV potential is rapidly scanned at the working microelectrode. In this work the potential
was scanned at a rate of 600 V/s from - 400 mV to + 1000 mV on the anodic scan and
back to -400 mV on the cathodic scan (top). Each potential scan was completed in 4.7 ms
and it was repeated at a frequency of 10 Hz. In between scans, the microsensor was held
at - 400 mV in order to aid in preconcentration of biogenic amines at the electrode surface,
resulting in increased sensor sensitivity. During the anodic scan, analytes freely diffuse to
the electrode surface where they undergo a 2-electron oxidation. This results in formation
of the analyte’s o-quinone form which is reduced back to the original analyte during the
cathodic scan in which 2 electrons are transferred from the electrode to the o-quinone
(bottom). Shown is the oxidation and reduction of epinephrine.
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Carbon fiber
Figure 1.8. Scanning electron micrograph of a polished T-650 carbon fiber elliptical
microelectrode. Magnitude of the double-layer capacitance is proportional to the sensor
electroactive area. Surface roughness of elliptical microelectrodes contributes to the large
background currents. Scale bar: 3 µm.
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voltammogram of catecholamines
Figure 1.9. Voltammetric signal processing – digital background subtraction. Top:
rapid potential scans at the microelectrode produce large background non-Faradaic
currents due to the charging of the double-layer capacitance as well as oxidation of
surface groups. Middle: oxidation and reduction of the analyte results in a subtle
background changes near the oxidation and reduction potentials for catecholamines, + 600
mV and - 200 mV respectively. Faradaic current (magenta) is superimposed on non-
Faradaic background current (black). Bottom: Digital background subtraction reveals the
signature cyclic voltammogram of catecholamines with the oxidation at + 600 mV and
reduction at – 200 mV.
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The peak faradaic current, ip, for a freely diffusing species at voltammetric electrodes 
is proportional to ν1/2, where ν is scan rate (Bard and Faulkner, 2001): 
ip, diffusion=(2.69*105)n3/2AD1/2 ν1/2C 
where n is the number of electrons transferred (2 for catecholamines), A is the area of the 
electrode, D is analyte’s diffusion coefficient, and C is the bulk concentration of the analyte.  
However, for analytes adsorbed to the µelectrode surface faradaic peak current is 
proportional to ν: 
ip, adsorption=(9.39*105)n2νAΓ 
where Γ is the amount of analyte adsorbed to the electrode surface.  Therefore, adsorbed 
analytes lead to electrochemical signal enhancement and overall increase in sensitivity of 
the measurement.  The adsorption process leads to a time delay in µelectrode response.  
Although the adsorption process itself is diffusion limited (subsecond), it is still slow on the 
timescale of exocytosis (submillisecond) but it is sufficiently fast to monitor rapid 
(subsecond) monoamine concentration changes within biological microenvironments. 
In addition to allowing for analyte identification in highly complex biological 
microenvironments by discriminating against nonelectroactive compounds, FSCV at carbon-
fiber µelectrodes has an added advantage of being able to distinguish electroactive 
neurotransmitters from one another.  For example, catecholamines epinephrine and 
norepinephrine are both oxidized and reduced at similar potentials (+ 600 mV and - 200 mV 
vs. Ag/AgCl reference electrode respectively).  Based on the redox chemistry of secondary 
amines (present in epinephrine but not in norepinephrine), our laboratory has shown that it 
is possible to electrochemically discriminate between epinephrine and norepinephrine (Pihel 
et al., 1994). 
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Both epinephrine and norepinephrine undergo oxidation to form open-chained o-
quinone product (Figure 1.10.A).  This reaction is reversible and o-quinone can easily be 
reduced back to catecholamine employing a commonly used anodic scan limit of + 1000 
mV.  However, scanning the potential out to high positive potentials such as + 1425 mV 
allows for the secondary amine on epinephrine to undergo oxidation (Figure 1.10.B) which 
manifests itself by a second oxidation wave in catecholamine cyclic voltammograms.  
Norepinephrine, a primary amine, does not undergo this secondary oxidation reaction.  
Therefore, by using fast scan methods it is possible to electrochemically distinguish between 
the two catecholamines (Pihel et al., 1994). 
During a typical FSCV experiment, a large number of cyclic voltammograms are 
produced.  In order to circumvent tedious data analysis process, in the Wightman laboratory 
cyclic voltammograms are displayed as color plots (Michael et al., 1998).  Each color plot is 
a collection of cyclic voltammograms that have been sequentially stacked together in time 
(abscissa) and plotted against the applied potential (ordinate).  Currents that flow during 
each potential scan are shown in false color:  green – anodic current (oxidation), blue – 
cathodic current (reduction) (Figure 1.11).  Currents corresponding to the analyte oxidation 
(or reduction) can be extracted from the color plot.  In vitro calibration of µelectrodes in a 
flow injection analysis system yields a calibration factor that is then employed in conversion 
of the measured oxidative current to concentration (Kristensen et al., 1986).   
FSCV and amperometry at voltammetric µelectrodes are noninvasive 
electrochemical techniques that have provided the first chemical evidence for exocytosis.  
The two techniques provide complimentary information at biological cells.  While FSCV 
offers analyte selectivity and sensitivity, amperometric detection allows for temporal 
resolution of submillisecond analyte signals.  An added benefit of electrochemical 
measurements is the ease of switching between the two detection methods.  For example, 
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Figure 1.10. Hypothesized oxidation that leads to a second electrochemical wave
for epinephrine but not norepinephrine. A) Both epinephrine and norepinephrine
undergo a 2-electron catechol oxidation at the same potential. R=CH3 for epinehrine and
R=H for norepinephrine. B) Epinephrine contains a secondary amine on its side chain
which undergoes an irreversible oxidation reaction at very positive potentials yielding a
second oxidation peak on the anodic scan in FSCV. Primary amines, such as the one
present on the side chain of norepinephrine, are not capable of undergoing this additional
oxidation reaction. From Pihel et al., 1994.
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Cyclic voltammogram
Currents stacked 
in time
Color plot
Figure 1.11. Color images for FSCV measurements. During each potential scan, the
currents that flow are recorded (top left) and can be plotted as a function of applied
potential yielding a signature cyclic voltammogram for catecholamines (top right) or they
can be sequentially stacked together in time (vertical dotted arrow), expressed in false
color (horizontal dotted arrow), and then plotted against the applied potential. Current at
the oxidation potential for catecholamines (+ 600 mV, striped white line on the color plot)
can be extracted and plotted versus time allowing for qualitative evaluation of the
catecholamine concentrations monitored (gray Current vs. Time trace).
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transiently occurring secretory events can be probed via FSCV that allows for determination 
of the chemical identity of released analyte.  Then the recording mode can be switched to 
amperometry to measure release kinetics and amount.  The comparison of 
microelectroanalytical techniques to patch-clamp electrophysiology is shown in Figure 1.12.     
Chromaffin cell:  a model cell for exocytosis 
While a number of cell types have been used in studies of neurotransmitter 
exocytosis (PC12 cells, dopamine releasing retinal amacrine neurons, midbrain 
dopaminergic neurons, and histamine releasing peritoneal mast cells), catecholamine 
releasing adrenomedullary chromaffin cells remain the most commonly employed model 
cells for exocytotic studies (Clark and Ewing, 1997; Hochstetler et al., 2000; Travis et al., 
2000; Staal, 2004; Borges, 2008).  Chromaffin cells are neuroendocrine cells that are found 
in the adrenal gland where they synthesize and release the monoaminergic chemical 
messengers epinephrine (adrenaline) and norepinephrine (noradrenaline).  While these 
substances play important hormonal roles, the primary interest in chromaffin cells is their 
functional similarity to neurons.  Sympathetic neurons and chromaffin cells (also known as 
endocrine paraneurons) have the same embryonic precursor, the neural crest (Fujita, 1977).  
As such, they both secrete substances via the secretory process of exocytosis.  
Furthermore, culturing neurons is difficult due to their lack of robustness, complicated and 
time consuming primary culture procedures, and the inability to obtain mostly pure 
populations of neuronal cells.  Chromaffin cell cultures offer a means of circumventing the 
drawbacks of neuronal cell preparations (Livett, 1984).  Hence, both their embryological 
origins as well as ease of culture have made chromaffin cells highly suitable and desirable 
model neurons for mechanistic studies of exocytosis.     
 
Figure 1.12. Comparison of electrophysiological and electrochemical
measurements. The two detection methods for vesicular exocytosis reveal
complimentary information. Both allow for the real-time measurements of secretion of
neurotransmitters; the drawback of capacitance measurements lies in convolution of
exocytotic and endocytotic events while electroanaltyical methods only allow for studies of
electroactive neurotransmitters. From Teschemacher AG, 2005. CFE – carbon fiber
electrode.
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Stimulus-secretion coupling of acetylcholine-induced catecholamine release in 
chromaffin cells was established in 1961 and was further clarified in 1968 (Douglas and 
Rubin, 1961; Douglas, 1968).  Extracellular Ca2+ is now well-recognized coupling agent 
between stimulus and secretion of catecholamines (Garcia et al., 2006; Suudhof, 2008).  In 
vivo, splanchnic nerve innervations synapse onto chromaffin cells and release 
neurotransmitter acetylcholine (Figure 1.13), which binds to a family of cholinergic receptors 
(transmembrane proteins located on chromaffin cells).  Since chromaffin cells are electrically 
excitable, binding of acetylcholine at cholinergic receptors leads to cell depolarization and 
subsequent firing of an action potential (Wakade and Wakade, 1982; Borges, 1997; 
Kajiwara et al., 1997; Aunis and Langley, 1999; de Diego et al., 2007).  Action potentials 
cause voltage-gated Ca2+ channels to open and allow for influx of extracellular Ca2+.  The 
rise in [Ca2+]cytosol initiates a series of events culminating in exocytosis of catecholamines 
(Brandt et al., 1976; Kidokoro and Ritchie, 1980). 
Amperometric detection of vesicular release at isolated chromaffin cells has revealed 
that each chromaffin vesicle contains approximately 3.3 attomoles (2.0x106 molecules) of 
catecholamines  (Finnegan et al., 1996) that are released on a millisecond time scale, with 
t1/2 amperometric parameter of > 10 ms (Jankowski et al., 1993; Wightman et al., 1995; 
Amatore et al., 2005; Arroyo et al., 2006; Haynes et al., 2007).  With an average vesicular 
diameter of ~300 nm (Coupland, 1968), secretory vesicles are packaged with 
catecholamines at high concentration of ~0.5 – 1.0 M (Amatore et al., 2005).  FSCV 
detection has been used to differentiate between epinephrine and norepinephrine at isolated 
chromaffin cells (Pihel et al., 1994).  Most chromaffin cells examined were found to release 
either epinephrine or norepinephrine.  A small fraction of cells (17 %) was found to release 
both catecholamines. 
 
Figure 1.13. Cholinergic regulation of catecholamine secretion. Splanchnic nerves
innervate chromaffin cells and release neurotransmitter acetylcholine which binds to the
cholinergic nicotinic and muscarinic receptors. This causes cell depolarization and firing of
an action potential leading to opening of voltage-gated Ca2+ channels. Rise in intracellular
Ca2+ levels triggers a cascade of events leading to fusion of vesicles with the cell
membrane and extrusion of the intravesicular content into extracellular space. Modified
from AR Wakade and DT O’Connor. Mol. Endocrinol. (2000) 14: 1525-1535.
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Adrenal tissue slices 
Tissue slices offer information not available from single cell studies.  Slices represent 
a physiological preparation where morphology of the tissue is preserved while it is possible 
to closely control environmental factors such as temperature and buffer composition.  These 
preparations eliminate the need to perform lengthy live animal surgeries and it is possible to 
achieve specific placement of microsensors within desired tissue locales.  Described below 
are some of exocytotic questions that can be addressed with tissue slices.   
Chemical signaling is the most common mode of intercellular communication and as 
such it has been the most frequently studied type of communication at chromaffin cells.  In 
addition to cholinergic chemical synapses, the presence of electrical synapses at chromaffin 
cells has been documented in the literature (Martin et al., 2001; Martin et al., 2003).  
Electrical synapses or electronic coupling occurs via intercellular channels that directly 
connect the cytoplasm of two neighboring cells allowing for transfer of ions and small 
molecules (Bennett and Zukin, 2004; Sohl et al., 2005).  Therefore, in electrical synapses 
information signaling is accomplished by current flow via these channels.  With tissue slices 
it is now possible to further examine the role of electrical synapses in catecholamine 
secretion.   
In vivo exocytosis at chromaffin cells dumps catecholamines into the vasculature to 
maintain homeostasis and to respond to stress (Aunis and Langley, 1999).  However, little is 
known about factors in the intact adrenal gland that control the fate of released 
catecholamines following exocytosis as they traverse to their targets, the blood vessels 
within the gland.  Isolated chromaffin cells in culture lack the means to communicate 
intercellularly and they lack endogenous splanchnic nerve modulation responsible for 
chromaffin cell synaptic activation and subsequent catecholamine secretion.  Furthermore, 
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catecholamine clearance from the extracellular space via uptake is not feasible at isolated 
chromaffin cells because of the low density of transporters.  Lastly, diffusional mass 
transport to blood vessels, the principal mode of catecholamine delivery to the sites of 
action, cannot be evaluated at isolated cells.  Consequently, the factors such as the control 
of release by endogenous acetylcholine and electrical activity between cells, catecholamine 
transport into blood vessels, and uptake by adjacent tissue remain unexplored.  For these 
investigations, adrenal slice is the preferred preparation because the gland architecture 
remains intact. 
The anatomy of the adrenal gland, and more importantly the adrenal medulla, has 
been described.  Discrete cells and blood vessels can be resolved with both electron and 
optical microscopy.  An elegant study on the morphology of the mouse adrenal gland was 
reported by Kobayashi and Coupland in which scanning electron microscopy revealed 3-
dimensional organization of adrenal gland’s splanchnic nerve terminals, chromaffin cells, 
and vascular elements, shown in Figure 1.14 (Kobayashi and Coupland, 1993).  As can be 
seen from the scanning electron image on the left, adrenal medulla is surrounded by adrenal 
cortex, a region of the adrenal gland that releases corticosteroid hormones which are not 
electroactive.  A chromaffin cell located within the adrenal medulla and innervated by 
multiple splanchnic nerves is shown on the right. 
Visualization of different regions of the adrenal gland and specifically the adrenal 
medulla is easily achieved via optical microscopy with brightfield illumination.  Tissue slices 
are obtained from mice; slicing procedure and experimental setup are outlined in Figure 
1.15.  Figure 1.16 shows a brightfield image composite of one such adrenal slice 
preparation.  While not easily identifiable with scanning electron microscopy due to tissue 
processing treatment, various microenvironments within the live adrenal medulla are clearly 
defined under brighfield illumination:  chromaffin cell clusters, pericellular space (space 
Figure 1.14. Adrenal gland morphology revealed with scanning electron
microscopy. Left: a micrograph showing two regions of the adrenal gland – the adrenal
cortex and the adrenal medulla. The tissue was treated with NaOH in order to remove
collagen fibrills and to expose cells occupying the two regions. Asterisks mark vascular
openings. Right: a single chromaffin cell is seen in the bottom of the micrograph
(asterisk). Splanchnic nerves engulf the cell (arrows). From Kobayashi and Coupland,
1993.
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Figure 1.15. Adrenal gland slicing and experimental set up. Removal and slicing of
the adrenal gland has to be performed gently due to its small size and particular anatomy.
Top left: a photograph of a murine adrenal gland (black arrow) which is, in the age bracket
used, < 2 mm in larger diameter. Top right: the cartoon shows the slicing orientation of
the gland. The gland is mounted into the slicing station with its largest base parallel to the
cutting surface; once sliced, the gland’s interior reveals two distinct regions: adrenal
cortex (grey) and adrenal medulla (white). Bottom: experimental set-up. Adrenal slice is
placed into a heated perfusion chamber (Warner Instruments) and secured in place with a
thread anchor. Both the electrochemical sensor and the stimulating electrode (not shown)
are positioned with the aid of an upright optical microscope.
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Figure 1.16. Brightfield micrograph composite of a murine adrenal slice. Tissue
slice was imaged on an upright microscope under brightfield illumination with a 20X/0.75
objective (Nikon, Plan Apo, WD 1.0).
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between two neighboring clusters), and vasculature (Figure 1.17).  The categorization of the 
adrenal medulla in the three compartments allows for systematic study of the path 
catecholamines traverse from their sites of release, chromaffin cells, to their final 
destination, the vasculature.  Electrochemical measurements at carbon-fiber µelectrodes 
offer temporal and spatial resolution necessary to probe real time chemical transmission at 
chromaffin cells in their native environment.   
Choice of animal models for exocytotic studies 
Rodents, and in particular mice, are the most commonly used animal models in 
scientific and medical research.  However, when it comes to chromaffin cell cultures they 
have been preferentially obtained from bovine adrenal glands.  This has been the case 
mostly due to small size of murine adrenal glands leading to difficulty of handling and 
experimentation.  Since bovine adrenal glands are too large for the experimental setup 
employing standard size microscope stage, glands from C57BL/6J strain of mice are more 
suitable for adrenal slice studies.  
The choice of animal’s sex for the experiments involving murine adrenal slices is 
based on the prior literature reports of greater adrenal weights and higher adrenomedullary 
volumes in females when compared to males of the same age (Bielohuby et al., 2007).  In 
addition to the weight dimorphism, the postnatal age must be taken into consideration due to 
emergence of the X-zone at the innermost part of the adrenal cortex.  While the 
physiological role of the X-zone is not completely known, studies have shown that in female 
virgin mice the X-zone increases threefold in volume between postnatal weeks 3 and 5 and 
it remains at this size until female’s first pregnancy (sexual maturity is reached at postnatal 
week 8) (Bielohuby et al., 2007).  Hence, 4-8 week old female mice are best suited for 
fundamental studies of catecholamine release and clearance dynamics since they have fully 
CX
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Figure 1.17. Adrenomedullary microenvironments visualized with optical
microscopy under brightfield illumination. Asterisks mark chromaffin cell clusters and
double arrow shows central vein locale. CX – adrenal cortex, AM-adrenal medulla. Scale
bar: 100 µm.
AM
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developed adrenal glands with the greatest adrenomedullary volumes and fully proliferated 
X-zone (Figure 1.18).   
Conclusion 
Exocytosis arising from stimulus-secretion coupling was first recognized almost 50 
years ago.  In the last 20 years patch-clamp electrophysiology was commonly employed to 
studies of exocytosis.  With the development of low noise instrumentation, electrochemical 
measurements at voltammetric µelectrodes have allowed for real time studies of exocytotic 
release of electroactive chemical messengers at isolated biological cells.  To probe this 
secretory process in an environment that mimics physiological conditions more closely, 
tissue slices are increasingly becoming the preparation of choice.  This has been particularly 
the case with tissue slices of the adrenal gland which houses chromaffin cells, model cells 
for exocytosis.  Adrenal tissue slice studies will not only offer a further insight into the 
kinetics of exocytosis as it occurs in a physiologically relevant environment, but they will also 
unravel the fate of released catecholamines. 
 
 
 
 
 
 
 
 
Figure 1.18. Total volumes of the adrenal medulla (top) and the X-zone (bottom) in
female and male C57BL/6J mice and their dependence on postnatal age. Starting at
the post-natal week 3 (adrenal gland is fully developed), the differences between
medullary and X-zone volumes are apparent with females having greater overall volumes
than males. For both sexes, the volumes remain constant between post-natal weeks 5-9.
From Bielohuby, 2007; circles denote females, squares denote males.
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Thesis overview 
The present chapter describes the motivation behind and the physiological relevance 
of exocytotic studies at chromaffin cells.  One important question still remains unanswered:  
how do secreted catecholamines get from the source (chromaffin cell) to the bloodstream 
(central vein)?  The work reported herein describes a real-time investigation of factors 
governing secretion and clearance of catecholamines epinephrine and norepinephrine in an 
in situ murine adrenal slice preparation.  Chapter 2 explores in detail electrically evoked 
catecholamine release within chromaffin cell clusters.  At the chromaffin cell level, both 
chemical and electrical types of intercellular signal transmission were probed.  This chapter 
also describes the mechanisms underlying an unexpected transient and spontaneous 
electrochemical signal.  The findings described in Chapter 3 focus on the regulatory 
mechanisms of catecholamine clearance, in particular diffusion and uptake by transporters, 
as they traverse from the sites of release to vasculature.  Chapter 4 reports on an 
observation of tissue overstimulation and cell damage.  In summary, the analytical work 
described herein employs electroanalytical methods, pharmacology, and 
immunohistochemistry for detailed examination of catecholamine release induced by 
endogenous acetylcholine and its subsequent clearance from various adrenomedullary 
compartments.  The findings provide the first complete view for any neuroendocrine system 
of the route of a chemical messenger from chromaffin cell to the circulatory system.   
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CHAPTER 2 
 
REAL-TIME MONITORING OF CHEMICAL TRANSMISSION 
IN INTACT MURINE ADRENAL GLAND 
 
Introduction 
Electrophysiological and electrochemical measurements at chromaffin cells have 
revealed fundamental mechanisms underlying exocytosis, the secretory process which 
initiates intercellular signaling (Travis and Wightman, 1998; von Gersdorff and Matthews, 
1999; Bader et al., 2002; Borges et al., 2008; Suudhof, 2008).  The majority of these studies 
have been conducted in primary cultures of chromaffin cells where exocytosis was evoked 
by pressure ejections of secretagogues such as K+ and Ba2+ (Fox, 1996; Montero et al., 
2000; Amatore et al., 2005; Amatore et al., 2006; Haynes et al., 2007; Montesinos et al., 
2008).  In vivo, splanchnic innervations consisting of preganglionic cholinergic neurons play 
a critical role in regulation of catecholamine secretion (Douglas and Rubin, 1961).  They 
synapse onto chromaffin cells, homologues of sympathetic ganglion cells, and release the 
neurotransmitter acetylcholine that binds to postsynaptic cholinergic nicotinic and muscarinic 
receptors located on chromaffin cells.  Binding of acetylcholine at cholinergic receptors 
leads to cell depolarization (Wakade and Wakade, 1982; Borges, 1997; Kajiwara et al., 
1997; Aunis and Langley, 1999; de Diego et al., 2007).  This change in membrane potential 
triggers entry of extracellular Ca2+ (Brandt et al., 1976; Kidokoro and Ritchie, 1980).  A rise 
in [Ca2+]cytosol initiates a series of events culminating in exocytosis of catecholamines.   
While isolated cells lack splanchnic nerve innervations, these connections remain 
intact in tissue preparations such as adrenal slices (Barbara et al., 1998).  In addition to 
mimicking physiological conditions more closely, measurement of release in intact tissue is 
43 
 
also informative because chromaffin cells in primary cultures are suspected to exhibit 
phenotypic modifications.  For instance, the expression levels of high-voltage gated Ca2+ 
channel subtypes known to participate in secretion of catecholamines were found to differ 
drastically in isolated murine (Albillos et al., 2000) and bovine (Benavides et al., 2004) 
chromaffin cells when compared to intact adrenal medullary tissue.   
Traditionally, catecholamines released in the intact gland have been studied by 
perfusion of the whole adrenal glands with analysis of released products with high 
performance liquid chromatography (HPLC) with electrochemical detection  (Wakade and 
Wakade, 1982) or with fluorometric method (Anton and Sayre, 1962).  However, monitoring 
catecholamine secretion using either of these analytical methods does not allow for the real-
time course of exocytosis to be studied since they provide secretion information obtained on 
a minute time scale.  Only a few research laboratories have investigated release in adrenal 
tissue slice preparations utilizing primarily patch-clamp technique (Moser and Neher, 1997; 
Barbara et al., 1998).  While patch-clamp allows for real-time studies of changes in cell’s 
membrane capacitance, the electrophysiological signals are difficult to interpret since they 
represent a temporal mosaic of both exocytotic and endocytotic events.  Recently, Arroyo et 
al. reported on the kinetics of exocytosis in murine adrenal slices employing electrochemical 
methods, in particular DC amperometry at carbon-fiber microelectrodes (Arroyo et al., 2006).  
The work has focused on recordings of catecholamine exocytosis from individual chromaffin 
cells located on slice’s surface and evoked by electrical field stimulation of the splanchnic 
nerve innervations.  Whereas the Arroyo et al. study is the first to describe catecholamine 
exocytosis at individual cells in a preparation that mimics in vivo conditions, real-time 
dynamics of catecholamines released from numerous chromaffin cells simultaneously 
remains unexplored.     
In this work we describe a real-time study of factors that control the secretion of 
electroactive catecholamines in an in situ murine adrenal slice preparation.  The spatial and 
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temporal resolution of carbon-fiber microelectrode sensor was exploited to probe the 
heterogeneity of the preparation.  Cyclic voltammetry was used to identify the released 
substances as catecholamines.  Optical imaging techniques, in particular standard light 
microscopy and confocal laser scanning microscopy, were utilized for identification and 
visualization of adrenomedullary compartments.  The mechanisms underlying 
catecholamine release are discussed as revealed by electroanalytical methods and further 
verified with pharmacology.   
 
Materials and methods 
 
Animals 
 Wild-type C57BL/6J female mice 4-8 weeks of age were used in the experiments 
described herein (stock no. 000664, Jackson Laboratories, Bar Harbor, ME, USA).  Upon 
receipt, mice were housed at the University of North Carolina Husbandry Facility (Kerr Hall – 
UNC School of Pharmacy) with ab libitum access to food and water and under closely 
controlled environmental conditions (temperature, humidity, and 12-hr light/dark cycles).  
Live animal handling procedures and experimental protocols have been approved by the 
University of North Carolina’s Institutional Animal Care and Use Committee.   
 
High performance liquid chromatography with electrochemical detection 
High performance liquid chromatography (HPLC) with electrochemical detection 
(ECD) was utilized in order to determine catecholamine content of murine adrenal gland.  
Chemical analysis was performed on a Hewlett Packard 1050 Series instrument.  Midline 
abdominal incision allowed for access to adrenal glands located on top of kidneys.  Glands 
were placed in 500 µL of 0.1 N perchloric acid containing 1 µM acetamidophenol (internal 
standard).  Adrenal tissue was homongenized using a sonic dismembrator (Fisher Scientific, 
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60) and centrifuged at 6,000 rpm for 10 min in order to remove large particulates.  
Supernatant was removed and filtered with a 0.2 µm microporous membrane syringe filter 
(Millex-LG).   
Sample volumes of 10 µL were injected onto a reverse phase column (C-18, 5 µm, 
4.6 x 250 mm, Waters Symmetry 300).  Triplicate runs were performed for each sample.  
The mobile phase was prepared in HPLC grade water and it contained in mM:  100 citric 
acid, 0.1 EDTA, and 1 hexyl sodium sulfate, pH=3.5.  Elution was performed under isocratic 
conditions in a mixture of 90 % aqueous mobile phase and 10 % organic modifier (HPLC 
grade methanol) at a flow rate of 1.0 mL/min and room temperature.  Catecholamines were 
detected with a thin-layer radial flow electrochemical cell (BASi, West Lafayette, IN USA).  
The glassy carbon working electrode was held at + 700 mV vs. the Ag/AgCl reference 
electrode.  Catecholamine standards (epinephrine, norepinephrine, and dopamine) were 
prepared from 10 mM stock solutions in 0.1 N perchloric acid. 
 
HPLC data analysis   
Peak area analysis (including background subtraction) was performed with locally 
written programs in Igor (courtesy of Professor James Jorgenson, UNC-CH).  The amount of 
catecholamines was calculated by taking the ratio of the analyte peak area to the peak area 
of the internal standard, acetamidophenol.  The peak areas for epinephrine, norepinephrine, 
and dopamine were adjusted to account for relative differences in detector response to the 
three above mentioned catecholamines.  Total neurotransmitter content was then 
normalized for adrenal gland mass to account for differences in gland size.   
 
Adrenal slice methods 
Adrenal gland slicing procedures were obtained from the literature with slight 
modifications (Moser and Neher, 1997; Barbara et al., 1998).  Mice were anesthetized using 
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anhydrous ethyl ether (Fisher Scientific), decapitated, and subjected to a midline abdominal 
incision which allowed for access to adrenal glands.  Glands were placed into ice-cold and 
95 % O2 – 5 % CO2 saturated bicarbonate-buffered saline, BBS2, containing (in mM):  0.1 
CaCl2, 125 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 3 MgCl2, and 10 glucose.  The pH of 
BBS2 was adjusted to 7.4 with NaOH.  Since Ca2+ is necessary for exocytosis, BBS2 
contained low levels of Ca2+ that prevented chromaffin cells from undergoing exocytosis 
during the slicing procedure.  While submerged in BBS2, fat tissue was removed under a 
dissecting microscope (Leica Wild M3Z).  Each gland was placed into 3 % agarose (w / v) in 
BBS2 (Promega, gelling point of 24-28 °C) poured into disposable molds (22 mm2 and 20 
mm deep, Polysciences, Warrington, PA) and cooled down to a temperature near its gelling 
point.  Agarose embedding of glands aided in handling and slicing since glands themselves 
are < 3 mm across.  Agarose blocks containing glands were placed on ice in order to 
complete gel formation (< 3 min).  Excess agarose gel surrounding each gland was cut back 
to an area of approximately 5 mm x 5 mm, secured onto the Teflon specimen holder using 
instant glue (Krazy Glue®), and mounted into a vibroslicer filled with ice-cold BBS2 
(Campden Instruments, World Precision Instruments, Leics, U.K.).  When mounting, 
agarose block was oriented so that the largest base of the gland was parallel to the 
specimen holder (Barbara et al., 1998).  Adrenal glands were cut into slices of ~ 200 µm in 
thickness; each gland produced one to two working slices.   
Slices were immediately placed into a perfusion chamber (open diamond bath 
heated chamber, RC-22, Warner Instruments, Hamden, CT) and secured with a stainless 
steel Lycra® thread anchor (1.5 mm-2.0 mm thread spacing, Warner Instruments, Hamden, 
CT).  The chamber was continually perfused with 95 % O2 – 5 % CO2 saturated bicarbonate-
buffered saline, BBS1, at a rate of 1-2 mL/min and containing (in mM):  2 CaCl2, 125 NaCl, 
26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, and 10 glucose at pH=7.4.  The amount of 
Ca2+ present in BBS1 was sufficiently high to allow for Ca2+-dependent catecholamine 
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secretion to occur.  Osmolarities of both BBS1 and BBS2 were maintained at ~ 310 mOsM/L 
by adjusting the concentrations of MgCl2 and CaCl2 accordingly.  This osmolarity was 
chosen based on the literature reports of secretory vesicles being isotonic with ~ 310 
mOsM/L physiological buffer (Borges et al., 1997).  To ensure physiological conditions and 
to minimize slice perturbations, the temperature of the perfusion chamber was kept at 37 °C 
using a dual automatic temperature controller (Warner Instruments, LLC).  The second 
controller channel was used to maintain the temperature of perfused BBS1 at 37 °C via an 
in-line heater placed immediately prior to buffer’s entrance into the perfusion chamber.  All 
of the experiments were completed within a 10-hr post mortem period.   
Preparation of isolated chromaffin cells 
Murine chromaffin cells were prepared as previously described (Kolski-Andreaco et 
al., 2007) with some modifications.  Mice were deeply anesthetized with ether, decapitated, 
and the adrenal glands rapidly removed into ice-cold, oxygenated Ca2+ and Mg2+-free 
Locke's buffer containing (in mM): 154 NaCl, 3.6 KCl, 5.6 NaHCO3, 5.6 glucose, and 10 
HEPES, pH adjusted to 7.2 with NaOH.  The medullae were isolated via gentle removal of 
cortical tissue and digested for 20 min at 37 oC in Dulbecco's Modified Eagle's 
Medium/Nutrient Mixture F-12 Ham (DMEM/F12) with 25 U/mL papain.  The digestion media 
was replaced with a fresh aliquot, followed by a second 20 min digestion period.  Digested 
tissue was washed and triturated with pipette tips of decreasing bore size in 500 µL 
DMEM/F12 with 10 % fetal bovine serum and 2 % horse serum.  The resulting cell 
suspension was distributed evenly to 3 poly-L-lysine-coated (0.1 mg/mL) 25 mm round glass 
coverslips.  After 15 min attachment, plates were fed with 2 mL DMEM/F12 containing 100 
U/mL penicillin, 0.1 mg/mL streptomycin, 50 U/mL nystatin, and 40 µg/mL gentamicin.  
Plates were maintained in a humidified, 5 % CO2 atmosphere at 37 oC for at least 24 hrs 
prior to experimentation. 
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Fabrication of the electrochemical microsensor 
Carbon-fiber elliptical microelectrodes were fabricated as previously described 
(Kawagoe et al., 1993; Cahill et al., 1996).  A single T-650 carbon fiber with an approximate 
diameter of 5 µm (polyacrylonitrile base, Thornel, Amoco Corp., Greenville, SC) was 
aspirated into a glass capillary (1.2 mm x 0.68 mm x 4,” A-M Systems, Sequim, WA) and 
gravity pulled with a vertical pipette puller (model PE-21, Narishige Group, Japan).  The 
glass seal was cut with a surgical blade approximately 50 µm back from the location at 
which the seal became uniform and flush with the carbon fiber.   
Since glass does not adhere tightly to carbon fibers and hence it does not provide an 
adequate seal, pulled and cut electrodes were dipped into an epoxy resin at 85 ºC for 30 sec 
(EPON Resin 828, Miller-Stephenson Chemical Company, mixed with 14 % by weight of 
1,3–phenylenediamine, Aldrich).  Following a three day epoxy curing process starting with 
12 hrs at room temperature and followed by 12 hrs at 100 ºC and 150 ºC curing steps, the 
electrodes were polished at 45o on a fine diamond abrasive plate mounted onto a 
microelectrode beveler (BV-10, Sutter Instruments).  This treatment resulted in fabrication of 
an elliptical carbon-fiber microelectrode with an electroactive area of ~ 35 µm2 and a major 
elliptical diameter (including glass) of < 10 µm.   
 
Catecholamine electroanalysis 
Prior to use, carbon-fiber microelectrodes were soaked in activated carbon/2-
propanol mixture for a minimum of 30 min.  This pretreatment assured microelectrode 
surface cleanliness as well as removal of surface species (Ranganathan et al., 1999).  
Microelectrodes were then backfilled with 4 M CH3COOK/0.15 M NaCl and mounted onto a 
potentiostat headstage.  Stainless steel wire was used to make an electrical contact 
between the microelectrode and the headstage.   
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Slices were electrically stimulated via two tungsten microelectrodes glued together at 
a distance of approximately 150 µm (FHC, Bowdoin, ME).  The stimulating electrode was 
positioned on top of slices under a 20X water immersion objective (Nikon Fluor WD 2.0) on 
an upright microscope (Nikon Eclipse E600FN).  Microelectrodes were positioned in desired 
adrenomedullary microenvironments with a multi-manipulator controller (1 µm display 
resolution, MPC-200-ROE, Sutter Instruments).  To avoid recordings from a damaged tissue 
layer, microelectrodes were lowered to a distance of approximately 30 µm below the slice 
surface (Kennedy et al., 1992).  To evoke catecholamine release, trains of biphasic pulses 
(150 µA, 2 ms each phase, 10 pulse, 10 Hz) were applied to the stimulating electrodes.  
Slices were equilibrated for ~ 2 hrs prior to data collection.  During the equilibration period 
slices were electrically stimulated every 3-5 min.  These data were used to establish a 
baseline level of catecholamine release.  Release was monitored with fast-scan cyclic 
voltammetry and constant-potential amperometry.   
 
Fast-scan cyclic voltammetry   
In FSCV studies, a triangular waveform was applied to the carbon-fiber 
microelectrode.  The potential was swept from - 400 mV to + 1000 mV on the anodic scan 
and back to - 400 mV during the cathodic scan.  The scan rate employed was 600 V/s 
resulting in the completion of each potential sweep in 4.7 ms.  Under these conditions the 
catecholamines are oxidized at + 600 mV and reduced at - 200 mV versus Ag/AgCl 
reference electrode.  The triangular waveform was applied at a frequency of 10 Hz.  In 
between scans (100 ms), the electrode potential was held at - 400 mV allowing for 
catecholamine adsorption onto a carbon fiber surface (catecholamines are protonated at 
physiological pH’s).  This preconcentration increased microelectrode’s sensitivity to 
catecholamines (Heien et al., 2003).  
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To distinguish between epinephrine and norepinephrine a different waveform was 
used that has been previously described  (Pihel et al., 1994).  Briefly, working electrode was 
held at + 100 mV and scanned from + 100 mV to + 1425 mV at 800 V/s every 0.1 seconds.  
While this waveform eliminates catecholamine reduction, it forces epinephrine to undergo a 
secondary amine oxidation reaction resulting in a second oxidation peak at near + 1400 mV.  
Norepinephrine does not undergo this second oxidation since it is a primary amine.  The 
catechol oxidation wave is identical for both epinephrine and norepinephrine.   
To eliminate non-physiological noise, all of the experiments were conducted inside a 
grounded Faraday’s cage.  Catecholamine release was monitored with an Axopatch 200B 
patch-clamp amplifier in voltage clamp mode and β=0.1 configuration (Axon Instruments, 
Molecular Devices, Union City, CA).  The signal was filtered with a built-in analog low-pass 
Bessel filter (80 dB/decade) at 5 kHz.  For the extended waveform recordings, a custom 
made Universal Electrochemistry Instrument (UEI, UNC Electronics Design Facility) was 
used since Axopatch does not allow for the potential to be scanned beyond + 1000 mV. 
Both potentiostats were controlled via locally written LABVIEW software, TarHeel CV.  
Measured currents were digitized using a National Instruments PCI-MIO-16XE-10 card and 
monitored as a function of the applied potential.   
 
Voltammetric data analysis 
Voltammetric data analysis was performed with the TarHeel CV analysis package.  
Fast potential scans at microelectrodes result in a large background current due to charging 
of the double-layer capacitance and redox reactions of surface-bound species.  Hence, 
digital background subtraction must be used on voltammetric files to reveal the signature 
cyclic voltammogram for catecholamines.  In this work, the magnitude of Faradaic currents 
is in the 1-5 nA range while the background currents are around an order of magnitude 
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greater, ~ 30 nA.  Background signal at ~ 1 sec prior to the analyte’s electrochemical signal 
was used in digital background subtraction.       
As mentioned previously, the potential ramp was applied to the microsensor at a 
frequency of 10 Hz.  Typically, 60-sec files were collected per each data recording session.  
This lead to a large number of cyclic voltammograms produced, specifically 600, which 
needed to be examined.  To circumvent tedious data analysis process, cyclic 
voltammograms were displayed as color plots (Michael et al., 1998).  Each color plot is a 
collection of cyclic voltammograms that have been sequentially stacked together in time 
(abscissa) and plotted against the applied potential (ordinate).  Currents corresponding to 
each potential scan are shown in false color:  green – anodic current (oxidation), blue – 
cathodic current (reduction), gold – background current.  The current that flows at + 600 mV 
is extracted from the color plots and plotted versus time.  Through in vitro calibration in a 
flow injection analysis system, the current can then be converted to concentration.  Since 
the electrochemical signals recorded in the adrenomedullary region represent a chemical 
mosaic consisting of epinephrine, norepinephrine, and dopamine, calibration factors in this 
work were derived using 1-10 µM norepinephrine solutions (carbon-fiber microelectrodes 
display higher currents and hence greater sensitivity to norepinephrine than epinephrine).  
Voltammetric data are displayed as either measured catecholamine current plotted versus 
time or catecholamine concentration plotted versus time.  Data obtained during 
administration of pharmacological agents are reported as current values normalized to 
currents recorded under control (pre-drug) conditions.     
 
Constant-potential amperometry 
The electroanalytical method of choice for real-time studies of exocytotic events 
occurring on a sub-millisecond time scale was constant-potential amperometry (herein 
referred to as amperometry).  Elliptical carbon-fiber microelectrodes were securely attached 
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to the Axopatch 200B headstage; positioning of the microsensor was accomplished via 
multi-manipulator controller in the X, Y, and Z directions.  The potential applied to the 
carbon-fiber microelectrode was + 700 mV vs. Ag/AgCl reference electrode.  All of the 
amperometric recordings were made in BBS1.  Exocytosis was monitored either in the 
absence or presence of electrical stimulation.   
Amperometric data was obtained at a collection frequency of 20-50 kHz; recorded 
amperometric traces were analog filtered at 5 kHz with an internal low-pass Bessel filter 
(Digidata 1320A controlled by P-Clamp software, Molecular Devices) and digitally filtered at 
300 Hz with a Butterworth filter in locally written LabView program, Tar Heel Amperometry. 
 
Amperometric data analysis 
Amperometric traces were analyzed with MiniAnalysis software (version 6.0.3, 
Synaptosoft, Inc., Decatur, GA).  For a current spike to be classified as an exocytotic event 
spike, a 5 x RMS current noise criterion was applied to all traces.  Amperometric spike 
parameters of interest in this work were the area under the spike and the spike’s width at 
half height (t1/2).  By taking the integral of the recorded current with respect to time, the 
amount of charge, Q, contained within an amperometric spike can be determined.  Through 
Faraday’s law, Q=nFm, where n is the number of electrons transferred, F is Faraday’s 
constant, and Q is charge, the amount of catecholamines released, m, can be determined.  
Examination of t1/2 allowed for kinetics and underlying physiological mechanisms of 
catecholamine release to be studied.          
 
Immunohistochemistry and confocal microscopy 
Murine adrenal slices were obtained from female C57BL/6J mice (4-8 weeks of age) 
and sliced in low calcium buffer (BBS2, 0.1 mM Ca2+) as described in Adrenal slice 
methods section.  Free-floating 200 µm thick adrenal tissue slices were fixed in 2 % para-
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formaldehyde solution in Sorensen’s phosphate buffer (0.15 M K2HPO4/NaH2PO4, pH=7.4).  
Stock formaldehyde solution was obtained from Sigma-Aldrich and it contained 37 % 
formaldehyde in H2O.  After a 4 hr fixation period, slices were rinsed with phosphate 
buffered saline (PBS) at room temperature (6 x 10 min, pH=7.4).  Slices were then 
transferred to blocking solution containing 25 mL of PBS (pH=7.4), 1 % bovine serum 
albumin (Sigma-Aldrich), 10 % normal goat serum (Invitrogen) and 0.3 % Triton-X 100 (The 
Chemistry Store, Pompano Beach, FL).  Following the 2 hr incubation period at room 
temperature, the blocking solution was removed and slices were incubated with the optimal 
working dilution of the primary antibody to tyrosine hydroxylase (1/100, Chemicon-Millipore 
AB152).  Slices were incubated in the primary antibody solution on a shaker in cold room at 
4 °C for 72 hrs.  Following the incubation period, slices were rinsed with PBS (6 x 10 min) at 
room temperature and incubated with the secondary antibody for 48 hours at 4 °C (1/4000, 
Molecular Probes, A21245).  Hoechst 33342 nuclear stain (binds double stranded DNA, 
Invitrogen) was added after 6 x 10 min PBS rinses following secondary antibody incubation.  
The incubation period with Hoechst stain was 10 min long upon which slices were rinsed 
again with PBS (6 x 10 min) and mounted onto microscope slides with ProLong Gold 
mounting media (Invitrogen) warmed to room temperature.  Slides were then coverslipped 
and the mounting media was allowed to dry for 24 hrs prior to confocal imaging.     
Adrenal tissue slices were examined for fluorescence with Leica SP2 laser scanning 
confocal microscope equipped with an acoustical optical beam splitter and UV, argon, 
diode-pumped solid state, and HeNe lasers (Michael J. Hooker Microscopy Facility, UNC-
CH).  A photomultiplier tube was used as a detector.  Confocal images were processed in 
Leica Confocal Software (Leica Microsystems, Germany) and Adobe Photoshop (version 
7.0). 
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Pharmacology 
Pharmacological agents employed in studies in this chapter include tetrodotoxin 
(TTX), hexamethonium (HEX), atropine (ATR), 4-Diphenylacetoxy-N-(2-
chloroethyl)piperidine hydrochloride (4-DAMP), and carbenoxolone (COX).  Drugs were 
dissolved in BBS1 and superfused through a slice chamber at a rate of ~ 2 mL/min.  All of 
the drugs were obtained from Sigma-Aldrich (St. Louis, MO, USA) and used as received. 
 
Statistical analysis 
Statistical analysis was performed in GraphPad Prism (GraphPad Software, Inc., 
San Diego, CA, USA).  Data are reported as means +/- S.E.M.  Student’s t-test (paired) was 
used to test for significant differences between data sets.  Data were considered 
significantly different at the 95 % confidence level and are reported as the mean ± SEM.   n 
= number of slices, unless noted otherwise.    
 
Results 
Bright field and immunofluorescent assessment of murine adrenal slices 
Chromaffin cells within the adrenal medulla of the rat are organized into clusters 
containing ~ 20 cells with each cell receiving one to four synaptic boutons (splanchnic nerve 
innervations) (Kajiwara et al., 1997).  To our knowledge, this organization has not been 
described in great detail in murine adrenal medulla.  Brightfield imaging of tissue slices has 
revealed that murine adrenomedullary morphology is heterogeneous with three distinct 
microenvironments:  the chromaffin cell cluster, the pericellular space (space between two 
neighboring clusters), and the vasculature (in particular the central vein).  The 
microenvironments are shown in Figure 2.1.  Similar to rat adrenal medulla, the size of 
murine chromaffin cell clusters was found to be on average 60-80 µm in diameter and 
containing ~ 15 chromaffin cells. 
Figure 2.1. Adrenomedullary microenvironments. Three adrenomedullary
microenvironments have been identified utilizing brightfield microscopy. The most
frequent and readily recognizable microenvironment in the medulla is a chromaffin cell
cluster. Several of the neighboring clusters shown in the brightfield micrograph on the left
are marked with an asterisk. Not all clusters are perfectly round in shape, but the
boundary between adjacent clusters is clearly visible. Black arrows point to the second
microenvironment, a pericellular compartment. Micrograph on the right shows chromaffin
cell clusters (asterisks) in close proximity of the central vein (gray double sided arrow), an
adrenomedullary microenvironment that catecholamines ultimately enter upon secretion.
CX: adrenal cortex; AM: adrenal medulla. Scale bar: 100 µm.
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Immunofluorescence (IF) in combination with confocal laser scanning microscopy 
was employed to determine the adrenomedullary localization of tyrosine hydroxylase (TH), 
the rate limiting enzyme in catecholamine synthesis.  Due to its physiological function, TH 
was expected to be contained within cytoplasm of chromaffin cells.  To visualize 
catecholamine containing cells, an indirect IF method was employed.  A secondary antibody 
conjugated to Alexa Fluor® 647 fluorochrome was used to react with the primary antibody to 
TH (Pickel et al., 1975).  To visualize cell nuclei, tissue slices were incubated with Hoechst 
33342, a dye that binds to double stranded DNA (excited at 350 nm with a UV laser and 
detected using DAPI filter set).  Confocal micrograph of a labeled adrenal tissue slice is 
shown in Figure 2.2 whereas Figure 2.3 shows TH fluorescence within a chromaffin cell 
cluster.  As expected, labeling with Hoechst 33342 is found in all cells (Figure 2.3 B and F)   
whereas binding to TH is confined to chromaffin cells (Figure 2.3 G).  In a negative control 
experiment the primary antibody to TH was omitted from the immunohistochemical protocol 
and no labeling was present (Figure 2.3 C). The overlay reveals tight packaging of 
chromaffin cells within a cluster (Figure 2.3 H).  The IF survey of murine adrenal tissue 
confirms that the identification of chromaffin cell clusters under brightfield illumination is 
feasible.    
 
Cyclic voltammetric recording of electrically evoked release 
The identification of adrenomedullary compartments enables placement of a carbon-
fiber microelectrode within a desired locale in the adrenal medulla.  The microenvironment 
chosen for the measurement of electrically evoked catecholamine release reported here 
was the chromaffin cell cluster.  A carbon-fiber microelectrode was positioned within a 
cluster, approximately 30 µm below the slice surface, with the stimulating electrodes 
straddling the working electrode (Figure 2.4).  To evoke catecholamine release, trains of 
biphasic pulses were applied to the stimulating electrodes, and release was followed with 
**
Cortex
Cortex
Figure 2.2. Confocal fluorescence micrograph of a murine adrenal slice. The slice
was double stained with an antibody to TH (magenta) and a nuclear stain Hoechst 33342
(green). TH-immunoreactive chromaffin cells are localized in the adrenal medulla and they
are surrounded by non-catecholaminergic cells of the adrenal cortex. Large empty
openings within the adrenal medulla, two of which are marked with asterisks, correspond
to the vasculature that heavily innervates this adrenal region. Scale bar: 300 µm.
Medulla
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Figure 2.3. Clustered organization of chromaffin cells. Fluorescent images A) – D)
show a negative control experiment where the primary antibody to TH was omitted from
the immunohistochemical protocol for adrenal slices. Images E) – H) show the localization
of the TH immunofluorescence within a single chromaffin cell cluster. In both experiments,
cells’ nuclei were stained with Hoechst 33342 (images B) and F)). In G), TH antibody
conjugated to Alexa 647 labels chromaffin cells contained within a cluster. D) and H) show
overlay of B) / C) and F) / G) respectively. Scale bar: 25 µm.
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*Figure 2.4. Brightfield micrograph of an electrochemical recording setup. Carbon-
fiber microelectrode (arrow) is positioned within a chromaffin cell cluster while the
stimulating electrode consisting of two tungsten electrodes (asterisks) is placed on top a
slice surrounding the electrochemical sensor. Scale bar: 100 µm.
*
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fast-scan cyclic voltammetry.  Extraction of the time course of catecholamine concentration 
changes shows the rapid release that accompanies the stimulation followed by the slower 
return to baseline (Figure 2.5).  The color plot reveals that the species released is a 
catecholamine, and this is confirmed by the shape of the cyclic voltammogram.   
Using the stimulation parameters described in the Materials and methods section, 
the spatial selectivity of an electrical excitation in adrenomedullary tissue was determined to 
be ~ 80 µm.  Figure 2.6 shows a representative study in which stimulating electrode was 
moved away from the working electrode in 20 µm increments.  No catecholamine signal was 
detected when the prongs of the stimulating electrode were ~ 100 µm away from the 
working microelectrode. 
 
Modulation of release by ions 
Exocytotic release of catecholamines is Ca2+ dependent at isolated bovine 
chromaffin cells (von Ruden and Neher, 1993).  To verify that this is the case in chromaffin 
cells of murine adrenal slices, tissue was superfused with low Ca2+ buffer (0.1 mM Ca2+).  
Electrically evoked release was completely eliminated (Figure 2.7 A, n = 3).  Reintroduction 
of 2.0 mM Ca2+ restored the electrically stimulated release (97 ± 4 % of control, p > 0.05).   
To confirm that release in murine adrenal slices requires electrical excitability, slices 
were superfused with physiological buffer containing 1 µM tetrodotoxin, TTX, a Na+ channel 
blocker (Fuhrman, 1986).  With a superfusion rate of 2 mL/min, it took 5 minutes for TTX to 
abolish catecholamine release (Figure 2.7 B, n = 4 slices).  Evoked release returned to pre-
drug levels 20 min after its washout (95 ± 2 % of control, p > 0.05). 
 
 
 
 
Figure 2.5. A representative electrically evoked catecholamine release event in a
chromaffin cell cluster. The color plot shows current changes observed during the
delivery of an electrical stimulus to an adrenal slice. Catecholamines are oxidized at ~ +
600 mV vs. Ag/AgCl (green) and the resultant o-quinone is reduced at ~ - 200 V (dark
blue). The trace above the color plot shows the changes in catecholamine concentrations
that occur as a result of the electrical stimulation. The electrical stimulation was delivered
at time 0 s; the red bar indicates the length of stimulation. A cyclic voltammogram (inset)
that confirms signal’s catecholaminergic chemical identity was extracted from the color plot
at the time of the maximum concentration change (striped vertical line).
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Figure 2.6. Spatial selectivity of electrical stimulation. With the chosen electrical
stimulation parameters, it is possible to detect release from as far as 80 µm from the
microsensor locale. Brightfield micrographs show the positioning of the carbon-fiber
microelectrode in relation to the stimulating electrode. While keeping the microelectrode
within a cluster, stimulating electrode was moved away in X direction in 20 µm increments.
Electrically stimulated release decreased by a factor of three for every 20 µm and no
signal was detected when the stimulating electrode was moved 100 µm from the sensor.
The spatial selectivity of the electrical stimulation is in the same size range as a single
chromaffin cell cluster (~ 80 µm). Scale bar: 100 µm.
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Figure 2.7. Modulation of electrically stimulated catecholamine release by ions.
Transmural electrical stimulation in low Ca2+ buffer (0.1 mM, n = 3) results in no
catecholamine release. A) shows representative concentration vs. time traces and their
corresponding color plots before (left), during (middle), and after (right) low Ca2+ buffer
perfusion. The inset cyclic voltammograms confirm catecholaminergic nature of the signal.
B) summarizes the effects of Ca+ and tetrodotoxin (n = 4) on electrically stimulated release
in adrenal slices. Both ions effected release in a reversible manner as it can be seen from
the electrochemical signal recovery after reintroduction of normal Ca2+ buffer (2.0 mM) and
the toxin washout.
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Role of cholinergic neurotransmission and gap junctions during electrically evoked 
catecholamine release   
Chromaffin cells have nicotinic and muscarinic receptors that are activated by 
acetylcholine release from the splanchnic nerve (Wakade and Wakade, 1982).  To establish 
whether elements of the splanchnic nerve are depolarized by the stimulation, two 
pharmacological agents were used.  The cholinergic nicotinic receptor (nAChR) antagonist, 
hexamethonium (HEX, 100 µM) was superfused through the slice.  Following 20 min of 
superfusion with HEX, electrically evoked catecholamine release was inhibited (Figure 2.8 
A, n = 5 slices, p < 0.001).  Release recovered to original levels 20 min after removal of 
HEX.  In contrast, 25 min exposure of slices to the muscarinic receptor (mAChR) 
antagonists, atropine (ATR, 0.5 µM), competitive and nonselective antagonist at mAChR’s 
(Zwart and Vijverberg, 1997) or 4-DAMP (1 µM), an irreversible antagonist at M1, M2, M3, M4 
and M5 mAChR subtypes (Moriya et al., 1999), did not significantly affect the released 
catecholamine concentrations (Figure 2.8 B, n = 3 and p > 0.05 for both drugs).   
This work also examined whether gap junctions (electrical synapses) were involved 
in the electrically evoked release in slices (Moser, 1998; Martin et al., 2001).  Superfusion of 
murine adrenal slices with the uncoupling agent and gap junction blocker carbenoxolone 
(COX, 100 µM) did not alter electrically evoked catecholamine release (Figure 2.8 B, n = 3, 
p > 0.05).  Thus, chromaffin cell junctional coupling does not contribute to catecholamine 
secretion evoked by electrical stimulation.   
 
Spontaneous catecholamine secretion  
With the carbon-fiber electrode approximately 30 µm below the slice surface and 
positioned within a cluster, 90% of adrenal tissue preparations exhibited rapid spontaneous 
release spikes occurring near the natural basal firing frequency of chromaffin cells, 0.5 Hz 
(Chan and Smith, 2003).  The spontaneous events occurred before, during, and/or after the 
A)
B)
Figure 2.8: Interceulluar signaling: cholinergic transmission (chemical) and
gap-junction mediated coupling (electrical) during electrically stimulated release. A)
Slices were superfused with HEX (n = 5, p < 0.001) which confirmed the cholinergic action
at chromaffin cells. B) Slices were also treated with pharmacological agents known to
modulate muscarinic cholinergic receptors: ATR (n = 3, p > 0.05) and 4-DAMP (n = 3, p >
0.05). Last column in the bar graph shows the effect of treatment of adrenal tissue slice
with gap-junction blocker carbenoxolone (COX, n = 3, p > 0.05).
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electrical stimulation (Figure 2.9).  The color plot of the stimulated and spontaneous events 
clearly shows that all of the events are due to catecholamine secretion.  The spiking activity 
was confined to cell clusters and it was absent from the pericellular microdomain and 
vascular recordings (data not shown).   
Spontaneous events closely resemble the exocytotic release events recorded at 
individual cultured chromaffin cells (Troyer and Wightman, 2002).  To confirm this, we 
employed amperometry to obtain coulometric quantitation of the amount of catecholamine 
released.  Fast-scan cyclic voltammetry was used to find sites that exhibited spontaneous 
catecholamine release (Figure 2.10 A). Then, the recording mode was switched to 
amperometry.  Shown in Figure 2.10 B is a representative amperometric recording from a 
spontaneously active site within an adrenal slice preparation.  The inset shows a close-up of 
the marked spike in the amperometric trace.  When the electrode potential was held at 0.0 V 
instead of + 700 mV, no current fluctuations were recorded (data not shown).  Amperometric 
spikes were recorded at 7 spontaneously active sites and the area under each spike (Q, fC) 
and a measure of the duration, t1/2 (width at half height, ms), were quantitated.  These were 
compared to the same values measured during exocytosis at 21 isolated murine chromaffin 
cells.  In slices the average Q value was 418 ± 37 fC whereas in cells it was 377 ± 43 fC.  In 
slices the average t1/2 value was 12.5 ± 1.7 ms whereas it was 8.9 ± 1.5 ms at single cells.  
The values of Q and t1/2 are not statistically different in the two populations (Figure 2.11).   
To test whether these spontaneous events were triggered by endogenous 
acetylcholine, HEX (100 µM) was superfused through the slice.  Twenty minutes after HEX 
superfusion, the number of spontaneous events was dramatically reduced (Figure 2.12 A).  
While Q and t1/2 remained unchanged between the pre-drug recordings and those obtained 
in the presence of HEX, the spiking frequency was found to decrease from 0.25 ± 0.03 Hz to 
0.09 ± 0.01 Hz respectively (see Table 1 and Figure 2.12 B).  Therefore, spontaneous 
Figure 2.9. A representative voltammetric recording of spontaneous secretory
activity in an adrenal slice preparation. The color plot identifies both the electrically
stimulated and spontaneous release events as catecholaminergic. The red bar on the
color plot indicates electrical stimulation delivery at t = 0 s and duration, ∆t = 1 s. The
current trace, extracted at the oxidation potential for catecholamines (+ 600 mV vs.
Ag/AgCl marked with a solid black line on color plot), shows transient nature of the
spontaneous signal. Inset: cyclic voltammograms extracted at the maximum peak
currents of electrically stimulated (black dotted line) and spontaneously occurring (gray
dotted line) release events.
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Voltammetric recording of spontaneous secretion events in absence                                 
of electrical stimulation
Amperometric recording of spontaneous secretion events in absence
of electrical stimulation
Figure 2.10. Representative voltammetric and amperometric recordings of
spontaneously occurring catecholamine secretion events obtained in absence of
electrical stimulation. Current spikes in current vs. time trace (top) correspond to
catecholamine release events as evident from the color plot. Amperometric trace of
spontaneous secretion (bottom) as detected with a carbon-fiber elliptical microelectrode
held at the applied potential of + 600 mV vs. Ag/AgCl. The inset shows a spontaneous
release event which has the signature amperometric spike shape identified as a vesicular
release event at isolated chromaffin cells.
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Figure 2.11. Comparison of amperometric spike parameters between adrenal tissue
slices and isolated murine chromaffin cells. The bar graphs confirm vesicular nature of
spontaneous secretory activity. Spontaneous release events in adrenal slices (n = 7) are
comparable in spike area and spike half-width to vesicular exocytosis in isolated murine
chromaffin cells (n = 21). For both amperometric parameters p > 0.05.
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Trace Q (fC) t1/2 (ms) F (Hz) ntraces ttotal (sec) nspikes nspikes
Control 407 ± 31 8.5 ± 0.6 0.25 ± 0.03 11 660 163 163
HEX 323 ± 37 10.2 ± 1.1 0.09 ± 0.01 11 660 60 60
Figure 2.12. Cholinergic origin of transiently occurring spontaneous catecholamine
release events. Upon a 20-min perfusion of a pharmacological agent hexamethonium
(nicotinic receptor antagonist), the number of spontaneous release events was drastically
reduced. A) A representative amperometric recording of spontaneous secretion events
before and after exposure to hexamethonium. B) Amperometric spike parameters
analysis prior to and following hexamethonium treatment.
B)
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catecholaminergic release events are caused by acetylcholine originating either from 
leakage or spontaneous activity at the splanchnic nerve terminals. 
 
Chemical analysis of spontaneous and electrically stimulated release 
To determine the total catecholamine content of murine adrenal glands HPLC with 
electrochemical detection was employed (n = 8 glands).  Adrenal glands were found to 
contain approximately twice as much epinephrine (347 ± 20 µg / gland) as norepinephrine 
(179 ± 15 µg / gland) and negligible amounts of dopamine (7 ± 1 µg/gland, <1 % of total 
catecholamine content).  Our findings are similar to those in a prior report on catecholamine 
content in murine adrenal glands (Ally et al., 1986).    
To reveal the contributions of individual catecholamines to both spontaneous and 
electrically stimulated release, cyclic voltammetric measurements using a modified 
waveform were performed.  Upon placement of a microelectrode within a chromaffin cell 
cluster, application of the modified waveform revealed that spontaneous release events 
were characterized as being either adrenergic or noradrenergic; no mixed responses were 
observed (Figure 2.13).  Upon stimulation, however, sites which spontaneously released 
exclusively norepinephrine showed a second oxidation peak indicating the presence of 
epinephrine and hence a mixed electrically stimulated signal (Figure 2.14).  Post-calibration 
of the microelectrode showed that the observed catecholamine in noradrenergic sites was 
43.5 ± 8.1 % epinephrine (n = 5 sites).  However, in sites which transiently released 
epinephrine, electrically evoked release was found to be purely adrenergic.  Post-calibration 
showed that the observed catecholamine in adrenergic sites was 95.5 ± 1.3 % epinephrine 
(n = 8 sites).       
 
 
 
Adrenergic site Noradrenergic site
+ 1300 mV
+ 600 mV
Figure 2.13. Distinguishing epinephrine from norepinephrine during spontaneous
catecholamine secretion. The concentration vs. time traces and their corresponding
color plots show spontaneous adrenergic (left) and noradrenergic (right) secretory activity
observed within a cell cluster. Top and bottom [Catecholamine] vs. time traces reveal
chemical identity of the catecholamine released: epinephrine spontaneous secretion is
established by the presence of voltammetric spikes at both + 1300 mV and + 600 mV while
norepinephrine secretion is confirmed by the presence of spikes at + 600 mV but not at +
1300 mV.
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Adrenergic site Noradrenergic site
+ 1300 mV
+ 600 mV
Figure 2.14. Chemical analysis of electrically evoked catecholamine release. The
current vs. time traces and their corresponding color plots reveal the chemical identity of
electrically evoked release in locations that have been identified based on spontaneous
secretory activity as either adrenergic (left) or noradrenergic (right). The site which was
previously found to spontaneously release only norepinephrine displays the presence of a
second oxidation event as evident from the color plot on the right.
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Discussion 
This work extends from the only literature report to date by Arroyo et al. employing 
electrochemical methods, in particular DC amperometry, to studies probing the kinetics of 
exocytosis of cells located on the surface of murine adrenal slices (Arroyo et al., 2006).  We 
have confirmed their measurements and conducted studies of chromaffin cells located 
deeper within tissue slices.   
In this work carbon-fiber microelectrodes were utilized to spatially and temporally 
probe catecholamine exocytosis as it occurs in intact murine adrenal glands, in particular 
within the cell cluster adrenomedullary microenvironment.  The electrochemical and 
pharmacological data reveal that transmural electrical stimulation initiates depolarization of 
splanchnic nerve innervations rather than chromaffin cells themselves.  Endogenous 
acetylcholine which is subsequently released from the splanchnic nerves causes 
catecholamine exocytosis by activation of the nicotinic cholinergic receptors.  The same 
receptor was found to be responsible for spontaneous catecholamine exocytosis observed 
in the absence of electrical stimulation.  This spontaneous release was determined to be 
vesicular in nature corresponding to local exocytosis of one quanta of catecholamine evident 
only in instances where the microelectrode is in close contact with a chromaffin cell surface 
within an adrenal slice preparation.  The chemical identity of local quanta was revealed to be 
either adrenergic or noradrenergic.  Conversely, electrically stimulated release was 
composed of a mixture of adrenergic and noradrenergic electrochemical signals.  This 
finding strongly implies that the electrically stimulated release consists of multiple 
catecholamine quanta originating from several chromaffin cells.                
Electrically evoked catecholamine release in adrenal slices was found to be 
dependent on both [Ca2+]extracellular and TTX implying that catecholamines are indeed 
secreted via exocytosis.  Catecholamine release was also dependent on HEX, a nicotinic 
cholinergic receptor blocker, strongly suggesting that no direct depolarization of chromaffin 
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cells has occurred under the stimulation protocols employed in this study.  Furthermore, the 
release was found to be independent of ATR and 4-DAMP, the two pharmacological agents 
that collectively block all five subtypes of muscarinic receptors found in chromaffin cells.  
Pharmacological differentiation of nicotinic and muscarinic cholinergic receptors with HEX, 
ATR and 4-DAMP directly reveals contributions of endogenously released acetylcholine to 
electrically stimulated catecholamine release:  in intact murine chromaffin cells, nicotinic 
cholinergic receptors appear to entirely modulate catecholamine secretion evoked by 
splanchnic nerve activation via electrical stimulation.  In contrast to recent literature reports 
(Martin et al., 2001), the electrically stimulated release does not appear to be amplified via 
gap junction intercellular communication pathway as shown by COX perfusions.   
To our knowledge, this work is the first to report the real-time contribution of two 
main types of cholinergic receptors to the catecholamine secretion as it occurs murine 
adrenal gland.  Our finding is contradictory to the sparse literature reports of catecholamine 
release in intact murine adrenal medullary tissue being primarily regulated by muscarinic 
cholinergic receptors.  The 2008 comprehensive review of muscarinic receptor contribution 
to excitation-secretion coupling in chromaffin cells (Olivos and Artalejo, 2008) cites a single 
publication from 1988 which reports that endogenous acetylcholine in a mouse exhibits its 
actions primarily at muscarinic cholinergic receptors (Nassar-Gentina et al., 1988).  Here, 
pharmacology has revealed no involvement of muscarinic but rather nicotinic cholinergic 
receptors in acetylcholine mediated catecholamine secretion in murine chromaffin cells.  The 
lack of muscarinic receptor contribution to the electrically stimulated catecholamine 
secretion may be explained by its differential distribution on chromaffin cell membranes.  
While both bovine and murine chromaffin cells have nicotinic and muscarinic receptors 
(Michelena et al., 1991), if located outside the cholinergic synaptic zone, the muscarinic 
receptor would not be able to regulate catecholamine secretion (Nagayama et al., 1999).  
Further support to this possible explanation comes from published bovine chromaffin cell 
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work.  While muscarinic agonists were found to have no effect of catecholamine secretion in 
bovine chromaffin cells (Misbahuddin et al., 1985; Michelena et al., 1991), nicotinic receptor 
activation resulted in catecholamine secretion even in the absence of membrane 
depolarization (Mollard et al., 1995).   
Spontaneous catecholamine release events were originally detected via FSCV and 
their vesicular nature was confirmed with amperometry.  No difference in quantal size and 
duration, Q and t1/2 respectively, were found between spontaneous release in slices and K+ 
evoked release at cultured chromaffin cells.  This shows that the detected spiking activity 
was due to localized quantal release of catecholamines within adrenal tissue slices.  The 
finding raised questions regarding the cause leading to this unexpected behavior.  There is 
a plethora of publications on electrochemical investigations of brain tissue slices with no 
reports of such unusual spontaneous activity (Kelly and Wightman, 1987; Jones et al., 1995; 
Jones et al., 1996; Bunin et al., 1998; Miles et al., 2002; Johnson et al., 2007).  Furthermore, 
spontaneous release in either tissue preparation is not anticipated since nerve inputs are 
severed during the slicing process.  However, the adrenal gland’s physiological role in 
maintaining body’s catecholamine homeostasis requires it to spontaneously and continually 
release catecholamines allowing for plasma baseline levels to be maintained.  While it is 
impossible to isolate the cause of acetylcholine release at the splanchnic nerve endings in 
adrenal slices, the transient nature and cholinergic origin of catecholamine release events 
were confirmed with HEX, a nicotinic acetylcholine receptor antagonist.  Additionally, slice 
superfusion with exogenous acetylcholine solution resulted in spiking activity identical in 
shape and duration to spontaneous release as detected with FSCV (data not shown).  This 
interesting spontaneous secretion phenomenon observed in this work offers functional 
insights into the intact adrenal gland. 
It is well known that the adrenal gland is highly regulated by splanchnic nerve 
innervations.  This regulation is responsible for controlling both basal and stress induced 
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levels of catecholamines in the blood stream.  Under nonhomeostatic conditions during 
which an organism deals with stress, catecholamine levels in bloodstream are increased 
drastically.  There are no detailed literature reports on the mechanisms underlying gland’s 
maintenance of basal levels of catecholamines.  These non-phasic spontaneous secretion 
events detected at individual chromaffin cells in intact tissue possibly illustrate a 
maintenance mechanism controlling homeostatic levels of catecholamines in the 
bloodstream.  The results suggest that there is a basal tone of acetylcholine in the adrenal 
slice that is responsible for these events. 
Chemical nature of both spontaneous and electrically stimulated quantal release of 
catecholamines was revealed by application of FSCV employing a modified waveform.  The 
waveform has allowed for the differences in redox chemistries of primary and secondary 
amines to be exploited.  Due to the presence of a secondary amine on the aliphatic arm of 
epinephrine, this catecholamine undergoes a secondary oxidation reaction at high potentials 
yielding two oxidation peaks.  Spontaneous release was found to have either adrenergic or 
noradrenergic chemical signature.  However, upon electrical stimulation of sites that 
spontaneously released norepinephrine, a mixed electrochemical response was observed.  
This discrepancy in chemical identity of spontaneous and electrically stimulated release can 
be explained by the point-source diffusion theory (Wightman et al., 1995; Nicholson and 
Sykova, 1998; Cragg et al., 2001; Cragg and Rice, 2004), point-source being a site of 
vesicular fusion with cell’s membrane.  At the point-source a single quanta of catecholamine 
is released and amperometrically detected as a temporally narrow electrochemical spike (< 
50 ms on average).  At an isolated chromaffin cell, moving the electrochemical sensor even 
a few micrometers away from cell’s membrane (the point-source of quantal release) results 
in lowering of spike’s amplitude as well as its temporal broadening (Wightman et al., 1991; 
Wightman et al., 1995).    The complexity of point-source diffusion increases further when 
the extracellular space that catecholamines are released into is taken into consideration.  
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Both the extracellular volume, tortuosity, and catecholamine clearance via uptake 
mechanisms affect diffusion and more importantly determine sphere of influence of released 
catecholamines (Garris et al., 1994; Nicholson and Sykova, 1998; Cragg et al., 2001).  
Taken together, all of the above described factors imply that during electrical stimulation of 
an adrenal slice preparation multiple chromaffin cells undergo exocytosis and the released 
contents from near and far away are combined and detected electrochemically as a uniform 
concentration increase.   
This has been further corroborated with amperometric measurements of electrically 
stimulated release.  Based on the average quantal size of spontaneously released 
catecholamines in slices obtained from a representative amperometric trace (~ 260 fC), we 
were able to crudely estimate the number of cells contributing to the electrically stimulated 
release.  Electrically stimulated catecholamine release at the same location yields ~575,785 
fC detected.  Thus, the minimum number of quantal events that were evoked was 575,785 
fC / 260 fC or 2215 exocytotic events (since release is evoked over a larger spatial area 
than sampled by the electrode, this number is an underestimate).  If each chromaffin cell 
contains ~ 140 vesicles in its readily releasable pool (Voets et al., 1999), the measured 
charge corresponds to the contribution from a minimum of 16 cells.   
Immunofluorescent findings and the literature further support mixed electrochemical 
makeup of electrically stimulated release in slices.  Labeling for phenylethanolamine N-
methyltransferase (PNMT), an enzyme which methylates norepinephrine into epinephrine, is 
evident in all cells within a single cluster (Kippenberger et al., 1999).  Clusters which do not 
stain for PNMT are considered to be fully noradrenergic.  This implies that chromaffin cells 
within individual clusters release exclusively either epinephrine or norepinephrine but not 
both, consistent with our measurements of single exocytotic events.  Note that in cultured 
cells we have reported that a minority of cells (< 20 %) release both catecholamines (Pihel 
et al., 1994).  Furthermore, the immunohistochemical surveys show that in general murine 
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adrenal medulla contains fewer noradrenergic than adrenergic sites.  This is corroborated by 
our HPLC analysis which has revealed that in terms of catecholamine content adrenal gland 
has twice as much epinephrine than norepinephrine.  Therefore noradrenergic clusters are 
more likely to be surrounded by adrenergic clusters giving rise to the second oxidation peak 
observed during electrically stimulated release of noradrenergic spontaneously active 
locales.   
Chromaffin cell subtype segregation into the respective clusters is further supported 
by the literature reports suggesting separate innervation patterns to adrenergic and 
noradrenergic chromaffin cells (Grynszpan-Winograd, 1974; Edwards et al., 1996).  
Preferential secretion of epinephrine over norepinephrine or vice versa was found to arise 
from changes in splanchnic nerve stimulation frequency (Klevans and Gebber, 1970; 
Edwards and Jones, 1993).  Hence, pure adrenergic or noradrenergic clusters may have 
physiological implications in that they allow for tight regulation of either homeostatic or 
stress induced processes. 
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CHAPTER 3 
TRACKING CATECHOLAMINE TRANSPORT WITHIN 
ADRENOMEDULLARY MICROENVIRONMENTS 
 
Introduction 
The physiological role of the adrenal medulla is to secrete the catecholamines 
epinephrine and norepinephrine into the bloodstream.  Chromaffin cells are triggered to 
release catecholamines by acetylcholine secretion from the splanchnic nerve.  Within 
chromaffin cells catecholamines are contained in secretory granules (Wightman et al., 2002; 
Sorensen, 2004).  Chromaffin cells themselves are arranged into clusters containing 15-20 
cells (Kajiwara et al., 1997).  These clusters are tightly packaged in the adrenal medulla and 
are flanked by a coarse capillary network as well as neighboring clusters (Kikuta and 
Murakami, 1984).  The capillary bed drains into the central vein.  While the architecture of 
the adrenal gland medulla is well documented, how the catecholamines get to the 
bloodstream following exocytosis is less clear.   
Secreted catecholamines must cross the endothelium lining both the capillaries and 
the central vein to reach the bloodstream (Kikuta and Murakami, 1984; Carmichael et al., 
1989).  Anatomical studies show that they do so by utilizing small gap-like openings (50 nm 
across), called fenestrae, contained within endothelial cells and situated to allow the cluster 
contents to enter into the bloodstream (Elfvin, 1965).  Based solely on the anatomy, one 
could presume that the movement of catecholamines from sites of release to the blood 
stream is simply by diffusion.  However, concurrently with diffusion, the extracellular 
concentration of some messenger systems is reduced by uptake, a mechanism that 
removes released monoamines from the extracellular space via membrane bound 
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transporters (Eisenhofer, 2001; Torres et al., 2003; Nicholson, 2005).  Our work in murine 
brain slices showed that diffusion of the monoamine dopamine competes with uptake by the 
dopamine transporter (DAT) (Giros et al., 1996).  Hence, diffusion and uptake are intimately 
related to control monoamine concentrations in the extracellular space.       
  There are reports that transporters exist at chromaffin cells.  Immunofluorescence 
microscopy of fixed tissue and cell monolayers has revealed that both the DAT and the 
norepinephrine transporter (NET) are found in chromaffin cells (Mitsuma et al., 1998; 
Kippenberger et al., 1999; Schroeter et al., 2000).  Nevertheless the presence of a 
functional uptake mechanism in intact adrenal gland has not been demonstrated.   
Monoamine uptake is ineffective at isolated chromaffin cells because of the low density of 
transporters.  Additionally, the chemical agents commonly used in uptake studies are rapidly 
dispersed by diffusion.  Lastly, catecholamine transport to blood vessels cannot be 
evaluated at isolated cells. 
In Chapter 2 catecholamine release within a chromaffin cell cluster was described.  
In the absence of electrical stimulation the release was composed of isolated exocytotic 
events; upon stimulation a sizeable and uniform catecholamine concentration increase was 
observed.  In this work we used carbon-fiber microelectrodes to probe in real-time the fate of 
released catecholamines in different compartments within the murine adrenal gland medulla, 
in particular in chromaffin cell clusters, the pericellular space, and the vasculature.  We 
investigated the effects of highly specific pharmacological agents that act as uptake 
inhibitors at the DAT and the NET.  We found that both the DAT and the NET are present in 
the endothelium lining of the vascular wall.  On the contrary, the NET, but not DAT, was 
located within chromaffin cells.  Our findings show that in the adrenal gland uptake is not 
apparent in the chromaffin cell clusters and the pericellular space while in the vasculature it 
competes with diffusion, but only weakly.  
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Materials and methods 
 
Animals 
 Wild-type C57BL/6J female mice 4-8 weeks of age were used in the experiments 
described herein (stock no. 000664, Jackson Laboratories, Bar Harbor, ME, USA).  Upon 
receipt, mice were housed at the University of North Carolina Husbandry Facility (Kerr Hall – 
UNC School of Pharmacy) with ab libitum access to food and water and under closely 
controlled environmental conditions (temperature, humidity, and 12-hr light/dark cycles).  
Live animal handling procedures and experimental protocols have been approved by the 
University of North Carolina’s Institutional Animal Care and Use Committee.   
 
Adrenal slice methods 
Adrenal gland slicing procedures were obtained from the literature with slight 
modifications (Moser and Neher, 1997; Barbara et al., 1998).  Mice were anesthetized using 
anhydrous ethyl ether (Fisher Scientific), decapitated, and subjected to a midline abdominal 
incision which allowed for access to adrenal glands.  Glands were placed into ice-cold and 
95 % O2 – 5 % CO2 saturated bicarbonate-buffered saline, BBS2, containing (in mM):  0.1 
CaCl2, 125 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 3 MgCl2, and 10 glucose.  The pH of 
BBS2 was adjusted to 7.4 with NaOH.  Since Ca2+ is necessary for exocytosis, BBS2 
contained low levels of Ca2+ that prevented chromaffin cells from undergoing exocytosis 
during the slicing procedure.  While submerged in BBS2, fat tissue was removed under a 
dissecting microscope (Leica Wild M3Z).  Each gland was placed into 3 % agarose (w/v) in 
BBS2 (Promega, gelling point of 24-28 °C) poured into disposable molds (22 mm2 and 20 
mm deep, Polysciences, Warrington, PA) and cooled down to a temperature near its gelling 
point.  Agarose embedding of glands aided in handling and slicing since glands themselves 
are <3 mm across.  Agarose blocks containing glands were placed on ice in order to 
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complete gel formation (<3 min).  Excess agarose gel surrounding each gland was cut back 
to an area of approximately 5 mm x 5 mm, secured onto the Teflon specimen holder using 
instant glue (Krazy Glue®), and mounted into a vibroslicer filled with ice-cold BBS2 
(Campden Instruments, World Precision Instruments, Leics, U.K.).  When mounting, 
agarose block was oriented so that the largest base of the gland was parallel to the 
specimen holder (Barbara et al., 1998).  Adrenal glands were cut into slices of ~ 200 µm in 
thickness; each gland produced one to two working slices.   
Slices were immediately placed into a perfusion chamber (open diamond bath 
heated chamber, RC-22, Warner Instruments, Hamden, CT) and secured with a stainless 
steel Lycra® thread anchor (1.5 mm - 2.0 mm thread spacing, Warner Instruments, 
Hamden, CT).  The chamber was continually perfused with 95 % O2 – 5 % CO2 saturated 
bicarbonate-buffered saline, BBS1, at a rate of 1-2 mL/min and containing (in mM):  2 CaCl2, 
125 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, and 10 glucose at pH=7.4.  The 
amount of Ca2+ present in BBS1 was sufficiently high to allow for Ca2+-dependent 
catecholamine secretion to occur.  Osmolarities of both BBS1 and BBS2 were maintained at 
~310 mOsM/L by adjusting the concentrations of MgCl2 and CaCl2 accordingly.  This 
osmolarity was chosen based on the literature reports of secretory vesicles being isotonic 
with ~310 mOsM/L physiological buffer (Borges et al., 1997).  To ensure physiological 
conditions and to minimize slice perturbations, the temperature of the perfusion chamber 
was kept at 37 °C using a dual automatic temperature controller (Warner Instruments, LLC).  
The second controller channel was used to maintain the temperature of perfused BBS1 at 
37 °C via an in-line heater placed immediately prior to buffer’s entrance into the perfusion 
chamber.  All of the experiments were completed within a 10-hr post mortem period.   
 
 
 
89 
 
Fabrication of the electrochemical microsensor 
Carbon-fiber elliptical microelectrodes were fabricated as previously described 
(Kawagoe et al., 1993; Cahill et al., 1996).  A single T-650 carbon fiber with an approximate 
diameter of 5 µm (Thornel, Amoco Corp., Greenville, SC) was aspirated into a glass 
capillary (1.2 mm x 0.68 mm x 4,” A-M Systems, Sequim, WA) and gravity pulled with a 
vertical pipette puller (model PE-21, Narishige Group, Japan).  The glass seal was cut with a 
surgical blade approximately 50 µm back from the location at which the seal became 
uniform and flush with the carbon fiber.   
Since glass does not adhere tightly to carbon fibers and hence it does not provide an 
adequate seal, pulled and cut electrodes were dipped into an epoxy resin at 85 ºC for 30 sec 
(EPON Resin 828, Miller-Stephenson Chemical Company, mixed with 14 % by weight of 
1,3–phenylenediamine, Aldrich).  Following a three day epoxy curing process starting with 
12 hrs at room temperature and followed by 12 hrs at 100 ºC and 150 ºC curing steps, the 
electrodes were polished at 45o on a fine diamond abrasive plate mounted onto a 
microelectrode beveler (BV-10, Sutter Instruments).  This treatment resulted in fabrication of 
an elliptical carbon-fiber microelectrode with an electroactive area of ~ 35 µm2 and a major 
elliptical diameter (including glass) of < 10 µm.   
 
Catecholamine electroanalysis 
Prior to use, carbon-fiber microelectrodes were soaked in activated carbon/2-
propanol mixture for a minimum of 30 min.  This pretreatment assured microelectrode 
surface cleanliness as well as removal of surface species (Ranganathan et al., 1999).  
Microelectrodes were then backfilled with 4 M CH3COOK / 0.15 M NaCl and mounted onto a 
potentiostat headstage.  Stainless steel wire was used to make an electrical contact 
between the microelectrode and the headstage.   
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Slices were electrically stimulated via two tungsten microelectrodes glued together at 
a distance of approximately 150 µm (FHC, Bowdoin, ME).  The stimulating electrode was 
positioned on top of slices under a 20X water immersion objective (Nikon Fluor WD 2.0) on 
an upright microscope (Nikon Eclipse E600FN).  Microelectrodes were positioned in desired 
adrenomedullary locales with a multi-manipulator controller (1 µm display resolution, MPC-
200-ROE, Sutter Instruments).  To avoid recordings from a damaged tissue layer, 
microelectrodes were lowered to a distance of approximately 30 µm below the slice surface 
(Kennedy et al., 1992).  To evoke catecholamine release, trains of biphasic pulses (150 µA, 
2 ms each phase, 10 pulse, 10 Hz) were applied to the stimulating electrodes.  Slices were 
equilibrated for ~ 2 hrs prior to data collection.  During the equilibration period slices were 
electrically stimulated every 3-5 min.  These data were used to establish a baseline level of 
catecholamine release.  Release was monitored with fast-scan cyclic voltammetry.   
 
Fast-scan cyclic voltammetry   
In FSCV studies, a triangular waveform was applied to the carbon-fiber 
microelectrode.  The potential was swept from - 400 mV to + 1000 mV on the anodic scan 
and back to - 400 mV during the cathodic scan.  The scan rate employed was 600 V/s 
resulting in the completion of each potential sweep in 4.7 ms.  Under these conditions the 
catecholamines are oxidized at + 600 mV and reduced at -200 mV versus Ag/AgCl 
reference electrode.  The triangular waveform was applied at a frequency of 10 Hz.  In 
between scans (100 ms), the electrode potential was held at - 400 mV allowing for 
catecholamine adsorption onto a carbon fiber surface (catecholamines are protonated at 
physiological pH’s).  This preconcentration increased microelectrode’s sensitivity to 
catecholamines (Heien et al., 2003).  
To eliminate non-physiological noise, all of the experiments were conducted inside a 
grounded Faraday’s cage.  Catecholamine release was monitored with an Axopatch 200B 
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patch-clamp amplifier in voltage clamp mode and β=0.1 configuration (Axon Instruments, 
Molecular Devices, Union City, CA).  The signal was filtered with a built-in analog low-pass 
Bessel filter (80 dB/decade) at 5 kHz.  The potentiostat was controlled via locally written 
LABVIEW software, TarHeel CV.  Measured currents were digitized using a National 
Instruments PCI-MIO-16XE-10 card and monitored as a function of the applied potential.   
 
Voltammetric data analysis 
Voltammetric data analysis was performed with the TarHeel CV analysis package.  
Fast potential scans at microelectrodes result in a large background current due to charging 
of the double-layer capacitance and redox reactions of surface-bound species.  Hence, 
digital background subtraction must be used on voltammetric files to reveal the signature 
cyclic voltammogram for catecholamines.  In this work, the magnitude of Faradaic currents 
is in the 1-5 nA range while the background currents are around an order of magnitude 
greater, ~ 30 nA.  Background signal at ~ 1 sec prior to the analyte’s electrochemical signal 
was used in digital background subtraction.       
As mentioned previously, the potential ramp was applied to the microsensor at a 
frequency of 10 Hz.  Typically, 60-sec files were collected per each data recording session.  
This lead to a large number of cyclic voltammograms produced, specifically 600, which 
needed to be examined.  To circumvent tedious data analysis process, cyclic 
voltammograms were displayed as color plots (Michael et al., 1998).  Currents 
corresponding to each potential scan are shown in false color:  green – anodic current 
(oxidation), blue – cathodic current (reduction), gold – background current.  The current that 
flows at + 600 mV is extracted from the color plots and plotted versus time.  Through in vitro 
calibration in a flow injection analysis system, the current can then be converted to 
concentration.  Since the electrochemical signals recorded in the adrenomedullary region 
represent a chemical mosaic consisting of epinephrine, norepinephrine, and dopamine, 
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calibration factors in this work were derived using 1-10 µM norepinephrine solutions 
(carbon-fiber microelectrodes display higher currents and hence greater sensitivity to 
norepinephrine than epinephrine).  Voltammetric data are displayed as either measured 
catecholamine current plotted versus time or catecholamine concentration plotted versus 
time.  Data obtained during administration of pharmacological agents are reported as 
[Catecholamine] vs. time traces or current values normalized to currents recorded under 
control (pre-drug) conditions.  In some instances, [Catecholamine] vs. time traces in the 
presence of various concentrations of drugs will be shifted in time to probe drug’s effects 
over the same catecholamine concentration range.    
 
Immunohistochemistry and confocal microscopy 
Murine adrenal slices were obtained from female C57BL/6J mice (4-8 weeks of age) 
and sliced in low calcium buffer (BBS2, 0.1 mM Ca2+) as described in Adrenal slice 
methods section.  Free-floating 200 µm thick adrenal tissue slices were fixed in 2 % para-
formaldehyde solution in Sorensen’s phosphate buffer (0.15 M K2HPO4/NaH2PO4, pH=7.4).  
Stock formaldehyde solution was obtained from Sigma-Aldrich and it contained 37 % 
formaldehyde in H2O.  After 4 hr fixation period, slices were rinsed with phosphate buffered 
saline (PBS) at room temperature (6 x 10 min, pH=7.4).  Slices were then transferred to 
blocking solution containing 25 mL of PBS (pH=7.4), 1 % bovine serum albumin (Sigma-
Aldrich), 10 % normal goat serum (Invitrogen) and 0.3 % Triton-X 100 (The Chemistry Store, 
Pompano Beach, FL).  Following the 2 hr incubation period at room temperature, the 
blocking solution was removed and slices were incubated with the optimal working dilution 
of the primary antibody to tyrosine hydroxylase (1/100, Chemicon-Millipore AB1542) and to 
the dopamine or norepinephrine transporter (1/100, Chemicon-Millipore AB1591P and AB 
5066P).  Slices were incubated in the primary antibody solution on a shaker in cold room at 
4 °C for 72 hrs.  Following the incubation period, slices were rinsed with PBS (6 x 10 min) at 
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room temperature and incubated with the secondary antibody for 48 hours at 4 °C (1/4000, 
Molecular Probes:  AP184C, A31632, and A21245).  Hoechst 33342 nuclear stain (binds 
double stranded DNA, Invitrogen) was added after 6 x 10 min PBS rinses following 
secondary antibody incubation.  The incubation period with Hoechst stain was 10 min long 
upon which slices were rinsed again with PBS (6 x 10 min) and mounted onto microscope 
slides with ProLong Gold mounting media (Invitrogen) warmed to room temperature.  Slides 
were then coverslipped and the mounting media was allowed to dry for 24 hrs prior to 
confocal imaging.     
Adrenal tissue slices were examined for fluorescence with Leica SP2 laser scanning 
confocal microscope equipped with an acoustical optical beam splitter and UV, argon, 
diode-pumped solid state, and HeNe lasers (Michael J. Hooker Microscopy Facility, UNC-
CH).  A photomultiplier tube was used as a detector.  Confocal images were processed in 
Leica Confocal Software (Leica Microsystems, Germany) and Adobe Photoshop (version 
7.0). 
 
Pharmacology 
Pharmacological agents employed in studies in this chapter include GBR 12909 
(GBR) and desipramine (DMI) (Torres et al., 2003).  Drugs were dissolved in BBS1 and 
superfused through a slice chamber at a rate of ~ 2 mL/min.  The drugs were obtained from 
Sigma-Aldrich (St. Louis, MO, USA) and used as received. 
 
Statistical analysis 
Statistical analysis was performed in GraphPad Prism (GraphPad Software, Inc., 
San Diego, CA, USA).  Student’s t-test (paired) was used to test for significant differences 
between data sets.  Data were considered significantly different at the 95 % confidence level 
and are reported as the mean ± SEM.  n = number of slices, unless noted otherwise.    
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Results 
Distribution of the DAT and the NET in adrenal gland 
To localize the transporters adrenal slices were double-stained with an antibody to 
the DAT or the NET and an antibody to TH and examined with confocal laser scanning 
microscopy (Figure 3.1).  The TH fluorescence was used to identify and distinguish 
chromaffin cells from the cells of the adrenal cortex.  The immunohistochemical images 
reveal that the DAT labeling is mostly localized to the endothelium separating chromaffin cell 
clusters from the central vein (Figure 3.1.A, n = 4).  NET immunofluorescence was found in 
the endothelium as well as in the cytoplasm of chromaffin cells (as demonstrated by its 
colocalization with the TH labeling, Figure 3.1.B).  In the endothelium the NET labeling was 
punctuate and sparse implying low transporter density and possibly modest uptake (n = 3).     
The DAT and TH fluorescence in chromaffin cell clusters did not appear to 
colocalize.  Hence we further explored immunofluorescence at a single chromaffin cell 
cluster.  Figure 3.2 shows a cluster containing approximately 17 chromaffin cells, a number 
that was determined based on the count of stained nuclei (blue) and positive cytoplasmic 
labeling with an antibody to TH (magenta).  The DAT labeling (green) was absent from the 
cluster (Figure 3.2 4-channel overlay).  Altogether, immunofluorescence findings suggest 
that uptake is not present in clusters; instead it may be operant in the vasculature.  
 
Exploration of catecholamine uptake in cell clusters 
To investigate uptake in cell clusters, adrenal slices were perfused with ascending 
concentrations of pharmacological agents acting specifically at the DAT or the NET.  GBR, a 
highly selective catecholamine reuptake inhibitor exhibiting its actions at the DAT (Torres et 
al., 2003) was used with a lowest concentration of 0.03 µM and the highest of 3 µM.  Figure 
3.3.A shows representative [Catecholamine] vs. time traces for the different concentrations 
of perfused GBR.  The lack of effect of GBR on catecholamine clearance can be best seen 
Central vein
Medulla
Anti-TH 3-channel overlayAnti-DAT
Medulla
Cortex
Anti-TH 2-channel overlayAnti-NET
A)
B)
Figure 3.1. DAT and NET visualization by confocal imaging. Both the DAT and the
NET are present in the adrenal medulla. A) The DAT is localized to the endothelium lining
the vasculature around chromaffin cell clusters and it is absent from the clusters
themselves. B) NET’s colocalization with the TH fluorescence suggests its intracellular
(cytoplasmic) presence as well as its localization to the endothelium. Scale bar: A) 50
µm; B) 40 µm.
Central vein
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Hoechst 33342Anti-THBrightfield (DIC) Anti-DAT
4-channel overlay
Figure 3.2. DAT localization in chromaffin cell cluster. The slice was double stained
with an antibody to TH conjugated to Alexa Fluor® 647 (magenta) and an antibody to the
DAT conjugated to FITC (green). Cell nuclei were visualized with Hoechst 33342 (blue).
Four-channel overlay image shows that the DAT is localized to the cells lining the clusters
and it is entirely absent from the cluster itself. The asterisks mark two of the blood vessel
openings enclosed by the endothelium containing the DAT. Scale bar: 25 µm.
*
*
96
A)
B)
Figure 3.3. Effects of increasing concentrations of GBR and DMI on catecholamine
clearance in chromaffin cell clusters. A) A representative [Catecholamine] vs. time
traces of electrically stimulated release in the presence of ascending concentrations of
GBR. Inset: disappearance of catecholamine during cumulative dose-response
experiment. B) same as A) for ascending concentrations of DMI.
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when the pre-drug and the drug traces are shifted in time to the same starting 
concentrations (Figure 3.3.A inset, n = 4 slices) because it allows for direct comparison of 
drug effects over the same catecholamine concentration range.   
To probe the possible involvement of the NET on uptake in clusters, tissue slices 
were perfused with desipramine (DMI), a highly selective norepinephrine uptake inhibitor 
(Torres et al., 2003) acting specifically on the NET (n = 4).  In the presence of varying 
concentrations of DMI, the catecholamine clearance period remained unchanged (Figure 
3.3.B).  Time shifted DMI traces strongly suggest the absence of the NET regulated uptake 
of the electrically stimulated release in chromaffin cell clusters (Figure 3.3.B inset).  The 
experimental findings reported here follow the results of the immunohistochemical 
localization of both the DAT and the NET.  Uptake appears to be absent from clusters 
allowing catecholamines to freely diffuse in the pericellular space.     
 
Exploration of catecholamine uptake in pericellular space 
We define the pericellular compartment as the conjoint space between the 
neighboring clusters.  The microelectrode sensor was gently lowered on top of a boundary 
between the two neighboring clusters and gently lowered 30 µm below the slice surface 
(Figure 3.4.A).  A typical response in this compartment is shown in Figure 3.4.B.  In 
comparison to the catecholamine concentration dynamics within the cell cluster, the 
clearance in the pericellular compartment is longer with the falling phase following electrical 
stimulation not returning to baseline within the 25 s recording window.  The maximum 
concentration in this locale was also found to be lower that than observed within the 
chromaffin cell cluster (1.89 ± 0.06 µM vs. 4.85 ± 0.12 µM respectively, n = 8 for each).  
These data show that released catecholamines undergo dilution due to diffusion from the 
source (chromaffin cells in a cluster) to the sensor located in the pericellular space.        
  
A)
B)
Figure 3.4. Catecholamine dynamics within the pericellular adrenomedullary locale.
A) Carbon-fiber microelectrode (green asterisk) was lowered between the two neighboring
clusters into the pericellular space (magenta arrows point to it). B) Catecholamine release
dynamics within the cell cluster (left) and the pericellular space (right) differ in the
clearance time as well as maximum catecholamine concentrations.
Cell cluster Pericellular space
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To test for presence of uptake in the pericellular space, GBR and DMI were 
individually applied.  The drugs were perfused in ascending order from 0.03 µM, 0.3 µM, to 3 
µM solutions.  To examine the electrochemical traces for the presence of uptake, the pre-
drug and the drug electrochemical traces were shifted in time to the same starting 
catecholamine concentration, 2 µM (Figures 3.5.A and 3.5.B).  No statistically significant 
difference was found in catecholamine clearance in the presence of either GBR or DMI at all 
concentrations tested (n = 4 and n = 5 respectively, p > 0.05).  This finding parallels the one 
in the clusters; the results show that the uptake mechanism has a minimal effect in the 
pericellular compartment.  Catecholamines transport through the pericellular space is 
dominated by diffusion.   
  
Exploration of catecholamine clearance in central vein 
  We also probed mechanisms that control catecholamines within blood vessels.  The 
slices were visually inspected under the brightfield illumination on an upright microscope.  
Both the central vein and smaller blood vessels were readily identified under a 20X water-
immersion objective.  The distance across the central vein at its widest point was 
approximately 100 µm.  Voltammetric microelectrode was positioned in between the sides of 
the central vein and lowered in the Z direction in 20 µm increments starting at 0 µm (surface 
of the slice, Figure 3.6.A) and ending at 60 µm.     
A representative voltammetric trace recorded 60 µm within the central vein is shown 
in Figure 3.6.B.  In comparison to the recordings within cell clusters and the pericellular 
space, catecholamines in the central vein were not detected by the microelectrode until after 
the end of electrical stimulation.  The signal did not return to baseline in the time window 
plotted.  The maximum amplitude of the signal in the central vein (1.61 ± 0.14 µM, n = 7) 
 
 
A)
B)
Figure 3.5. Disappearance of catecholamines in the pericelluar space after
stimulation in the presence of increasing concentrations of GBR and DMI. A) and B)
show electrically stimulated traces obtained in the presence of GBR and DMI respectively
and time-shifted to the same extracellular catecholamine concentration allowing for direct
comparison of traces obtained with ascending drug concentrations.
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A)
B)
Figure 3.6. Comparison of release characteristics in the three adrenomedullary
compartments. A) Brightfield micrograph shows the carbon-fiber microelectrode
(bottom center) positioned directly above the central vein opening. One of the prongs of
the stimulating electrode is visible in the top center. B) Representative electrically
stimulated traces obtained in cell cluster, pericellular space, and central vein.
Central veinCell cluster Pericellular space
102
103 
 
was somewhat lower than in the cell cluster (4.85 ± 0.12 µM, n = 8) and the pericellular 
compartment recordings (1.89 ± 0.06 µM, n = 8).   
Inspection of the release profiles at various depths within the vein revealed the 
presence of two distinct sets of responses (Figure 3.7).  In most responses (n = 5), the peak 
maximum shifted to earlier times and higher concentrations with the ascending slopes 
becoming steeper as the sensor was lowered deeper into blood vessel (Figure 3.7.A).  In 
two experiments the maximum peak values shifting to later times with increasing depth 
within the vein and had shallow ascending slopes, and overall lower maximum peak values 
as the electrode was lowered (Figure 3.7.B).  Since the first response type increases with 
depth, we postulate that the sensor must approach the source, or the edge of the central 
vein, as it is lowered (cartoon in Figure 3.7.A).  The second type decreases with depth 
presumably due to catecholamine dilution in volume of blood vessel (cartoon in Figure 
3.7.B).  This response was detected when the microelectrode is closer to the center of the 
vein. 
To characterize the uptake of catecholamines from the vasculature, the carbon-fiber 
microelectrode was positioned near the edge of the central vein and at a depth of 60 µm.  
This particular location was chosen based on the characteristics of the first response type 
allowing for uptake studies near the source.  Similar to the studies in the clusters and the 
pericellular space, GBR and DMI were perfused (Figure 3.8).  GBR was found to increase 
central vein catecholamine concentrations even with the smallest dose delivered, 0.03 µM.  
Both 0.03 µM and 0.3 µM GBR solutions caused the maximum concentration of 
catecholamines in the central vein to increase approximately 2-fold (191 ± 6.51 % and 192 ± 
4.70 % respectively, n = 3 for both) while 3 µM GBR resulted in a 3-fold increase (301 ± 13.2 
%, n = 3, Figure 3.8.A).  The large effect of GBR on catecholamine concentrations in the 
central vein did not allow for shifting the release curves to the same concentration in time as 
A)
B)
0 µm
20 µm
40 µm
60 µm
Figure 3.7. Spatial profile of catecholamine dynamics within the central vein.
Lowering microelectrode in the central vein resulted in two distinct types of responses. A)
and B) show catecholamine profiles at various depths in the central vein of the two response
categories; the schematics on the right of each [Catecholamine] vs. time plot depict
suggested microelectrode position with respect to the vascular wall.
0 µm
20 µm
40 µm
60 µm
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A)
B)
Figure 3.8. Contribution of the DAT and the NET to the catecholamine clearance
within the central vein. A) shows the effect of the DAT blocker on electrically stimulated
release: both the maximum catecholamine concentration and catecholamine lifetime in the
extracellular space are increased in the presence of GBR. B) shows a concentration vs.
time plot for electrically stimulated release in the presence of the NET blocker:
catecholamine lifetime was effected only at the highest concentration of DMI perfused (3
µM).
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it was done for the previous two adrenomedullary locales since the drug traces did not 
overlap with the pre-drug traces at any point in time.  Even at the highest concentration of 
DMI perfused, catecholamine clearance was only marginally effected as evident from the 
time shifted catecholamine concentration traces (n = 4, Figure 3.8.B inset).  Low 
concentrations of DMI, specifically 0.03 µM and 0.3 µM drug solutions, did not affect 
catecholamine clearance from the vasculature but they either increased or decreased the 
amplitude of release (97 ± 38 % and 85 ± 41 % respectively).  In contrast, 3 µM DMI 
appeared to prolong the lifetime of catecholamines in the vasculature while also lowering the 
amplitude of release (52 ± 22 %).  The results with DMI were puzzling since they suggest 
that DMI is affecting both release and uptake.  Hence, in the central vein uptake appears to 
regulate secreted catecholamines primarily through the actions of the DAT; the NET’s 
contribution is unclear.   
 
Discussion 
 
To obtain physiologically meaningful data it is desirable to conduct the studies under 
conditions representative of the in vivo environment and function.  The work reported in 
Chapter 2 showed that the electrical stimulation of an adrenal tissue slice causes excitation 
of the splanchnic nerve, which, through release of acetylcholine, evokes catecholamine 
secretion from chromaffin cells.  This chapter has examined the fate of released 
catecholamines by probing mechanisms underlying their clearance, in particular the 
diffusional mass transport and the role membrane transporters play in their inactivation 
(Figure 3.9.).  The data indicate that catecholamines freely diffuse from the release site, a 
chromaffin cell within a cluster, and enter the pericellular compartment where they undergo 
diffusional mass transport followed by their crossing through the fenestrae into the 
bloodstream.  As the successive compartments are traversed, the peaks become lower and 
broader consistent with a diffusion controlled process.  Once inside the central vein, 
?Figure 3.9. Tracking catecholamine transport within adrenomedullary
compartments. The illustration depicts the questions addressed in this chapter.
Catecholamines released at chromaffin cells within clusters freely diffuse out of the cluster
and into the pericellular space. From there they undergo diffusion to the vasculature.
Once in the central vein, catecholamine transport is modestly affected by uptake. This
regulation is governed by the DAT; the NET is present but its function remains to be
elucidated.
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catecholamines in the proximity of the vascular walls appear to be subjected to uptake via 
the DAT, a transporter that can interact with both NE and E, the primary catecholamines of 
the adrenal gland.  The remainder is carried by the blood flow into the main circulation and 
to the respective sites of action.                   
The temporal resolution of FSCV allowed for differentiation of electrically stimulated 
catecholamine release and clearance in different compartments of the adrenal gland.  The 
observed changes in catecholamine concentration in adrenal clusters exhibited temporal 
characteristics similar to those of electrically stimulated dopamine release in brain slices 
(Figure 3.10.).  Upon electrical stimulation release in brain slices is instantaneous.  
Clearance, a time-dependent process which has been previously described in brain slices 
employing voltammetric methods (Jones et al., 1995; Jones et al., 1996a; Jones et al., 
1996b), manifests itself in the falling phase of the [Catecholamine] vs. time traces.  In brain 
slices the clearance of dopamine has been shown to be primarily due to uptake by DAT, 
although in some brain regions such as the basal lateral amygdala a diffusion component is 
also apparent (Garris and Wightman, 1994).   In comparison, the clearance time in adrenal 
slices was more than 5 times longer within all compartments studied.  The much slower 
clearance time in adrenal slices indicates that uptake is negligible. 
The time course of catecholamine clearance within chromaffin cell clusters was 
markedly shorter than in the pericellular space or the central vein.  While the clearance in 
this compartment occurred in < 30 s following stimulation’s end, the process required longer 
times in the pericellular space (> 30 s) and in the vasculature (> 60 s).  This is expected for 
a process in which a substance diffuses from its source into the surrounding environment.  
Diffusion control of catecholamine clearance in the adrenal gland is further corroborated with 
the reports on the extra-paraneuronal sites playing a major role in uptake of circulating 
catecholamines.  Circulating catecholamines released into the bloodstream are inactivated 
via uptake into liver and kidney followed by enzymatic metabolism with monoamine oxidase 
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Figure 3.10. Comparison of electrically stimulated catecholamine release in brain
(magenta) and adrenal (green) tissue slices. The general release characteristics in two
preparations are similar: catecholamines are observed instantaneously on stimulation;
upon stimulation termination, the extracellular concentration decays in a time-dependent
manner. The differences arise during the time period following the stimulation’s end.
While in brain slices the catecholamine concentration returns to its baseline level in < 3
sec, in adrenal slices the process takes much longer, ~ 20 sec. The red bar indicates the
duration of electrical stimulation for adrenal slice; the brain slice was stimulated with a
single electrical pulse.
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and catechol-O-methyl transferase (Molinoff and Axelrod, 1971).  Hence, there is no need 
for a high activity of uptake via the transporters in chromaffin cell clusters since termination 
of catecholamine transmission is shared with distant organs.  Nonetheless, a 
comprehensive study on the whole body autoradiographic microimaging of radiolabeled 
cocaine in the rat (Som et al., 1994) revealed that that the administration of GBR and DMI 
decreased 14C-cocaine binding in the adrenal gland, with DMI affecting uptake to a lesser 
extent than GBR.   
It has been documented that chromaffin cells have the machinery necessary for 
uptake.  Autoradiographic studies at cultured chromaffin cells revealed the presence of DMI 
and cocaine-sensitive and -insensitive membrane sites (Kenigsberg and Trifaro, 1980; 
Banerjee et al., 1987; Powers et al., 1995; Chen et al., 1998).  Others report that the NET 
functions as the primary mediator of catecholamine uptake at chromaffin cells (Cubells et al., 
1995).  The discrepancy in uptake findings between the literature and our work can be 
explained by different levels of expression of the transporters in intact adrenal gland and at 
isolated chromaffin cells.  The low activity of the transporters in intact adrenals would allow 
for catecholamines to continually replenish the bloodstream (Stjarne et al., 1994).  
Conversely, it is possible that culture conditions modify cell membrane properties.  Hence, a 
non-functioning transport system in vivo could become functional upon isolation of 
chromaffin cells.       
Our findings agree with those made in the perfused adrenal gland where uptake was 
probed in all compartments simultaneously by monitoring accumulation of exogenous 
catecholamines (Wakade and Wakade, 1984).  When compared to endogenous 
catecholamine content, HPLC with electrochemical detection revealed no significant 
accumulation of exogenous catecholamines in the intact adrenal gland.  We have found that 
the perfusion of catecholamine reuptake inhibitors within chromaffin cell clusters did not 
affect catecholamine clearance from the extracellular space.  Lengthening GBR and DMI 
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perfusions to 60 min instead of commonly employed 30 min period did not have any 
additional effect on clearance (data not shown).  The absence of the DAT and intracellular 
localization of the NET as revealed by immunofluorescence further corroborate 
electrochemical and pharmacological data.  Having no regulation of exocytosed 
catecholamines within cell clusters would allow for a rapid response operation.   
We found no evidence of uptake of catecholamines in the pericellular compartment.  
The adrenal medulla is the most heavily vasculaturized organ in the body with one quarter of 
the total volume of rat adrenal medulla composed of vasculature (Tomlinson et al., 1987).  
Thus, the possibility is great that catecholamines released from distant chromaffin cell 
clusters will enter small vascular openings nearby rather than travel long distances to enter 
directly into the central vein.  This idea is further supported by the reports of adrenal gland 
morphology revealing that smaller blood vessels innervating both the adrenal medulla and 
the cortex drain into the central vein (Kikuta and Murakami, 1984).  Therefore, uptake in this 
compartment was not anticipated.         
The release of catecholamines in the central vein was found not to be uniform as 
evident from the two distinct sets of electrically stimulated profiles.  Taking into consideration 
the cylindrical geometry of this adrenomedullary microchannel locale, the microelectrode’s 
proximity to the channel’s walls most likely determines the type of the response observed.  
The central vein has a diameter of approximately 100 µm.  As the distance of the 
microelectrode from the source increases or as it approaches the center of the vein, a broad 
response is expected due to catecholamine diffusion within the vein.  The release profiles 
also suggest that the catecholamine concentration is high at the central vein walls (the 
barrier between the source and the vasculature).  From the perspective of adrenal 
physiological function, it would be counter-productive to uptake released catecholamines 
within the central vein.  However, uptake at the blood vessel wall has been implied in a 
single literature report (Kent and Coupland, 1984).  Using radiolabeled epinephrine and 
112 
 
norepinephrine, labeling of chromaffin cells and the vasculature was found in murine adrenal 
tissue sections.  In our work, immunofluorescence suggests localization of the DAT and the 
NET to the endothelial cell lining of the vasculature while the pharmacological studies 
indicate uptake regulation of secreted catecholamines via the DAT in this compartment.  
While the presence of the DAT in other organs’ endothelial cell lining has been reported 
(Eisenhofer, 2001), the DAT and the NET localization to the endothelial lining of the 
adrenomedullary vasculature has not been previously described.     
While the NET appears to be localized to the vascular endothelium, its effects on the 
electrically stimulated release as measured in the central vein are atypical.  In some 
instances the ascending concentrations of DMI caused a continuous decrease in maximum 
catecholamine concentrations.  This behavior suggests depletion of the readily releasable 
pool of secretory vesicles in chromaffin cells.  In other instances the maximum 
catecholamine response did not follow a particular trend in response to perfusion of DMI.  
However, at the highest concentration perfused DMI prolonged the lifetime of 
catecholamines in the vein.  While our immunofluorescence findings imply the presence of 
the NET in the endothelium, its effects on catecholamine uptake are difficult to interpret and 
further studies are needed in order to reveal the NET’s exact role in catecholamine 
clearance in the central vein. 
 
Conclusion 
 Electroanalysis at carbon-fiber microelectrodes allows for functional investigations of 
the dynamics of chemical neurotransmission.  Studies reported here show that the role of 
uptake is negligible for catecholamines in most compartments of adrenal cell slices, and that 
the effects of uptake can only be seen unequivocally near the walls of the vasculature.  Lack 
of high efficiency uptake within clusters and from the pericellular space allows for released 
catecholamines to reach venous blood which, as hormonal substances, carries them to 
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distant organs.  This research has provided the first complete view for any neuroendocrine 
system of the route of a chemical messenger from exocytosis to its target, the circulatory 
system.   
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CHAPTER 4 
EFFECT OF HIGH INTENSITY ELECTRICAL STIMULATIONS OF ADRENAL SLICES 
 
Introduction 
Electrical stimulation or charge injection at the electrode/tissue interface is a 
commonly employed method in studies of excitable tissues (Merrill et al., 2005).  Charge is 
most frequently delivered under current control (current is constant for the duration of the 
stimulation) to a tungsten stimulating electrode (material of choice due to its chemical 
inertness and biocompatibility).  The desired characteristic of electrical stimulation is precise 
spatial selectivity or the ability to cause activation of some cells but not others.  This is 
accomplished by choosing the appropriate electrical stimulation parameters allowing for 
variation in the mode of chemical messenger release.  In the adrenal gland, short 
stimulation pulses and small stimulation intensities are expected not to directly depolarize 
chromaffin cells but the much smaller splanchnic nerve, causing release of acetylcholine.  In 
contrast, wide pulses and high stimulating amplitudes should directly depolarize chromaffin 
cells.   
If the stimulation is too intense tissue damage can occur.  The mechanisms 
underlying tissue damage are not well understood (Merrill et al., 2005).  One proposed 
mechanism suggests that the overstimulation of electrically excitable tissues may lead to cell 
hyperactivity resulting in changes in the local environment (for example oxygen depletion) 
(Agnew et al., 1993).  Tissue damage may also arise from passage of high currents 
between the two prongs of the stimulating electrode (McCreery et al., 1988).  Hence, there 
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exists a delicate balance between spatial selectivity and tissue damage; both must be taken 
into consideration in order to avoid studies of non-physiological responses.   
Chromaffin cells are considered to be electrically insensitive (Cannon and 
Rosenblueth, 1937).  However, over the past three decades several reports emerged on the 
direct electrical depolarization of chromaffin cell membranes.  One study employed brief 
single electrical shocks (100 ms, 180 µA, single pulse) to whole rat adrenal gland and 
observed catecholamine secretion that was partially independent of both cholinergic 
blocking agents as well as pharmacological agents blocking Na+ action potentials (Wakade 
and Wakade, 1982).  Another work in thin slices of bovine adrenal medulla (Brooks et al., 
1980) reported that 73 % of electrically evoked catecholamine secretion (800 ms, 60 V, 500 
pulses) was due to direct depolarization of bovine chromaffin cells.  While it is possible to 
directly depolarize chromaffin cells via electrical stimulation in intact adrenal gland, it is not 
desirable to do so not only due to an increased risk of tissue damage but also because 
physiologically relevant explorations can be made by depolarizing much smaller intact nerve 
innervations.   
In this chapter the effect of high intensity electrical stimulations on catecholamine 
release in adrenal slices is demonstrated.  Prior work on electrical stimulation of whole 
adrenal glands reported on the presence of Ca2+ and Na+ independent catecholamine 
release (Wakade and Wakade, 1982).  These findings imply that a significant portion of 
secreted catecholamines was obtained via nonphysiological mechanisms.  Our initial studies 
in the adrenal slices revealed the presence of a biphasic catecholamine response in most 
but not all recordings.  Upon exposure of the biphasic response to pharmacological agents 
that interfere with actions of Ca2+ or Na+, the fast phase was abolished while the slow phase 
remained present in the recordings.  However, when stimulated with smaller current 
amplitudes and narrower pulse widths, the slow phase was successfully eradicated.  Thus, 
119 
 
nonphysiological catecholamine release can be mistaken for a physiologically relevant event 
when using high intensity electrical stimulations.  
 
Materials and methods 
 
Animals 
 Wild-type C57BL/6J female mice 4-8 weeks of age were used in the experiments 
described herein (stock no. 000664, Jackson Laboratories, Bar Harbor, ME, USA).  Upon 
receipt, mice were housed at the University of North Carolina Husbandry Facility (Kerr Hall – 
UNC School of Pharmacy) with ab libitum access to food and water and under closely 
controlled environmental conditions (temperature, humidity, and 12-hr light/dark cycles).  
Live animal handling procedures and experimental protocols have been approved by the 
University of North Carolina’s Institutional Animal Care and Use Committee.   
 
Adrenal slice methods 
Adrenal gland slicing procedures were obtained from the literature with slight 
modifications (Moser and Neher, 1997; Barbara et al., 1998).  Mice were anesthetized using 
anhydrous ethyl ether (Fisher Scientific), decapitated, and subjected to a midline abdominal 
incision which allowed for access to adrenal glands.  Glands were placed into ice-cold and 
95 % O2 – 5 % CO2 saturated bicarbonate-buffered saline, BBS2, containing (in mM):  0.1 
CaCl2, 125 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 3 MgCl2, and 10 glucose.  The pH of 
BBS2 was adjusted to 7.4 with NaOH.  Since Ca2+ is necessary for exocytosis, BBS2 
contained low levels of Ca2+ that prevented chromaffin cells from undergoing exocytosis 
during the slicing procedure.  While submerged in BBS2, fat tissue was removed under a 
dissecting microscope (Leica Wild M3Z).  Each gland was placed into 3 % agarose (w / v) in 
BBS2 (Promega, gelling point of 24-28 °C) poured into disposable molds (22 mm2 and 20 
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mm deep, Polysciences, Warrington, PA) and cooled down to a temperature near its gelling 
point.  Agarose embedding of glands aided in handling and slicing since glands themselves 
are < 3 mm across.  Agarose blocks containing glands were placed on ice in order to 
complete gel formation (< 3 min).  Excess agarose gel surrounding each gland was cut back 
to an area of approximately 5 mm x 5 mm, secured onto the Teflon specimen holder using 
instant glue (Krazy Glue®), and mounted into a vibroslicer filled with ice-cold BBS2 
(Campden Instruments, World Precision Instruments, Leics, U.K.).  When mounting, 
agarose block was oriented so that the largest base of the gland was parallel to the 
specimen holder (Barbara et al., 1998).  Adrenal glands were cut into slices of ~ 200 µm in 
thickness; each gland produced one to two working slices.   
Slices were immediately placed into a perfusion chamber (open diamond bath 
heated chamber, RC-22, Warner Instruments, Hamden, CT) and secured with a stainless 
steel Lycra® thread anchor (1.5 mm - 2.0 mm thread spacing, Warner Instruments, 
Hamden, CT).  The chamber was continually perfused with 95 % O2 – 5 % CO2 saturated 
bicarbonate-buffered saline, BBS1, at a rate of 1-2 mL/min and containing (in mM):  2 CaCl2, 
125 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, and 10 glucose at pH=7.4.  The 
amount of Ca2+ present in BBS1 was sufficiently high to allow for Ca2+-dependent 
catecholamine secretion to occur.  Osmolarities of both BBS1 and BBS2 were maintained at 
~ 310 mOsM/L by adjusting the concentrations of MgCl2 and CaCl2 accordingly.  This 
osmolarity was chosen based on the literature reports of secretory vesicles being isotonic 
with ~ 310 mOsM/L physiological buffer (Borges et al., 1997).  To ensure physiological 
conditions and to minimize slice perturbations, the temperature of the perfusion chamber 
was kept at 37 °C using a dual automatic temperature controller (Warner Instruments, LLC).  
The second controller channel was used to maintain the temperature of perfused BBS1 at 
37 °C via an in-line heater placed immediately prior to buffer’s entrance into the perfusion 
chamber.  All of the experiments were completed within a 10-hr post mortem period.   
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Fabrication of the electrochemical microsensor 
Carbon-fiber elliptical microelectrodes were fabricated as previously described 
(Kawagoe et al., 1993; Cahill et al., 1996).  A single T-650 carbon fiber with an approximate 
diameter of 5 µm (polyacrylonitrile base, Thornel, Amoco Corp., Greenville, SC) was 
aspirated into a glass capillary (1.2 mm x 0.68 mm x 4,” A-M Systems, Sequim, WA) and 
gravity pulled with a vertical pipette puller (model PE-21, Narishige Group, Japan).  The 
glass seal was cut with a surgical blade approximately 50 µm back from the location at 
which the seal became uniform and flush with the carbon fiber.   
Since glass does not adhere tightly to carbon fibers and hence it does not provide an 
adequate seal, pulled and cut electrodes were dipped into an epoxy resin at 85 ºC for 30 sec 
(EPON Resin 828, Miller-Stephenson Chemical Company, mixed with 14 % by weight of 
1,3–phenylenediamine, Aldrich).  Following a three day epoxy curing process starting with 
12 hrs at room temperature and followed by 12 hrs at 100 ºC and 150 ºC curing steps, the 
electrodes were polished at 45o on a fine diamond abrasive plate mounted onto a 
microelectrode beveler (BV-10, Sutter Instruments).  This treatment resulted in fabrication of 
an elliptical carbon-fiber microelectrode with an electroactive area of ~ 35 µm2 and a major 
elliptical diameter (including glass) of <10 µm.   
 
Catecholamine electroanalysis 
Prior to use, carbon-fiber microelectrodes were soaked in activated carbon / 2-
propanol mixture for a minimum of 30 min.  This pretreatment assured microelectrode 
surface cleanliness as well as removal of surface species (Ranganathan et al., 1999).  
Microelectrodes were then backfilled with 4 M CH3COOK / 0.15 M NaCl and mounted onto a 
potentiostat headstage.  Stainless steel wire was used to make an electrical contact 
between the microelectrode and the headstage.   
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Slices were electrically stimulated via two tungsten microelectrodes glued together at 
a distance of approximately 150 µm (FHC, Bowdoin, ME).  The stimulating electrode was 
positioned on top of slices under a 20X water immersion objective (Nikon Fluor WD 2.0) on 
an upright microscope (Nikon Eclipse E600FN).  Microelectrodes were positioned in desired 
adrenomedullary locales with a multi-manipulator controller (1 µm display resolution, MPC-
200-ROE, Sutter Instruments).  To avoid recordings from a damaged tissue layer, 
microelectrodes were lowered to a distance of approximately 30 µm below the slice surface 
(Kennedy et al., 1992).  To evoke catecholamine release, trains of biphasic pulses (2 ms 
each phase, 10 pulse, 10 Hz) were applied to the stimulating electrodes.  Slices were 
equilibrated for ~ 2 hrs prior to data collection.  During the equilibration period slices were 
electrically stimulated every 3-5 min.  These data were used to establish a baseline level of 
catecholamine release.  Release was monitored with fast-scan cyclic voltammetry.   
 
Fast-scan cyclic voltammetry   
In FSCV studies, a triangular waveform was applied to the carbon-fiber 
microelectrode.  The potential was swept from - 400 mV to + 1000 mV on the anodic scan 
and back to -400 mV during the cathodic scan.  The scan rate employed was 600 V/s 
resulting in the completion of each potential sweep in 4.7 ms.  Under these conditions the 
catecholamines are oxidized at + 600 mV and reduced at - 200 mV versus Ag/AgCl 
reference electrode.  The triangular waveform was applied at a frequency of 10 Hz.  In 
between scans (100 ms), the electrode potential was held at - 400 mV allowing for 
catecholamine adsorption onto a carbon fiber surface (catecholamines are protonated at 
physiological pH’s).  This preconcentration increased microelectrode’s sensitivity to 
catecholamines (Heien et al., 2003).  
To eliminate non-physiological noise, all of the experiments were conducted inside a 
grounded Faraday’s cage.  Catecholamine release was monitored with an Axopatch 200B 
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patch-clamp amplifier in voltage clamp mode and β=0.1 configuration (Axon Instruments, 
Molecular Devices, Union City, CA).  The signal was filtered with a built-in analog low-pass 
Bessel filter (80 dB/decade) at 5 kHz.  The potentiostat was controlled via locally written 
LABVIEW software, TarHeel CV.  Measured currents were digitized using a National 
Instruments PCI-MIO-16XE-10 card and monitored as a function of the applied potential.   
 
Voltammetric data analysis 
Voltammetric data analysis was performed with the TarHeel CV analysis package.  
Fast potential scans at microelectrodes result in a large background current due to charging 
of the double-layer capacitance and redox reactions of surface-bound species.  Hence, 
digital background subtraction must be used on voltammetric files to reveal the signature 
cyclic voltammogram for catecholamines.  In this work, the magnitude of Faradaic currents 
is in the 1-5 nA range while the background currents are around an order of magnitude 
greater, ~ 30 nA.  Background signal at ~ 1 sec prior to the analyte’s electrochemical signal 
was used in digital background subtraction.       
As mentioned previously, the potential ramp was applied to the microsensor at a 
frequency of 10 Hz.  Typically, 60-sec files were collected per each data recording session.  
This lead to a large number of cyclic voltammograms produced, specifically 600, which 
needed to be examined.  To circumvent tedious data analysis process, cyclic 
voltammograms were displayed as color plots (Michael et al., 1998).  Currents 
corresponding to each potential scan are shown in false color:  green – anodic current 
(oxidation), blue – cathodic current (reduction), gold – background current.  The current that 
flows at + 600 mV is extracted from the color plots and plotted versus time.  Through in vitro 
calibration in a flow injection analysis system, the current can then be converted to 
concentration.  Since the electrochemical signals recorded in the adrenomedullary region 
represent a chemical mosaic consisting of epinephrine, norepinephrine, and dopamine, 
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calibration factors in this work were derived using 1-10 µM norepinephrine solutions 
(carbon-fiber microelectrodes display higher currents and hence greater sensitivity to 
norepinephrine than epinephrine).  Voltammetric data are displayed as either measured 
catecholamine current plotted versus time or catecholamine concentration plotted versus 
time.  Data obtained during administration of pharmacological agents are reported as 
current values normalized to currents recorded under control (pre-drug) conditions.  Such 
data representation allows for minimization of differences in release between slices from 
different animals.     
 
Pharmacology 
Pharmacological agents employed in studies in this chapter include 4-
Diphenylacetoxy-N-(2-chloroethyl)piperidine hydrochloride (4-DAMP), hexamethonium 
(HEX), thapsigargin (THG), and tetrodotoxin (TTX).  Drugs were dissolved in BBS1 or BBS2 
and superfused through a slice chamber at a rate of ~ 2 mL/min.  The drugs were obtained 
from Sigma-Aldrich (St. Louis, MO, USA) and used as received. 
 
Statistical analysis 
Statistical analysis was performed in GraphPad Prism (GraphPad Software, Inc., 
San Diego, CA, USA).  Student’s t-test (paired) was used to test for significant differences 
between data sets.  Data were considered significantly different at the 95 % confidence level 
and are reported as the mean ± SEM.   n = number of slices, unless noted otherwise.    
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Results 
General characteristics of biphasic electrochemical signal  
 Chromaffin cell clusters were electrically stimulated with 10 current-controlled 
biphasic pulses with 2 ms / phase in width, 350 µA in amplitude, and delivered at a 
frequency of 10 Hz.  While the electrochemical characteristics of stimulated response in 
chromaffin cell clusters mainly consisted of a rapid release event that ceased rising 0 - 2 s 
after termination of the stimulation, in some instances this initial response was followed by a 
second slower increase in oxidative current that maximized several seconds after 
stimulation’s end (Figure 4.1.A).  The shapes of cyclic voltammograms in the inset confirm 
catecholaminergic origin of the slow phase.  To test the possibility of the signal arising from 
a particular location within the slice, the preparation was probed with the carbon-fiber 
microelectrode placed randomly within clusters (n = 6).  Shown in Figure 4.1.B are 
representative voltammetric recordings obtained in the center (Figure 4.1.B location 1) and 
in the periphery (Figure 4.1.B locations 2 and 3) of the adrenal medulla.  The location was 
found not to play a role in the appearance of the biphasic signal. 
In addition to its signature biphasic electrochemical signal shown in Figure 4.1.A and 
1.B location 3, the slow phase was not always well-defined.  Figure 4.1.B locations 1 and 2 
illustrate a case where the slow phase was much greater than the fast phase.  However, in 
most recordings fast and slow phases are readily distinguishable.  Figure 4.2.A illustrates 
the change in maximum amplitudes of both phases within a 180 min window.  Both types of 
catecholamine release stabilize after approximately 2 hrs of continual electrical stimulation 
(slices were stimulated once every 4 min).  The vertical scatter plot of the same data (Figure 
4.2.B) demonstrates that overall there is no significant difference in average current 
responses of the two phases (p > 0.05).   While both phases mimic each other in signal 
amplitude, after prolonged periods of continuous electrical stimulation (4 + hrs) the slow  
A)
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Figure 4.1. Slow component of electrically stimulated release. A) The onset of the
slow catecholamine release occurs most frequently on the falling part of the fast release.
Both the color plot and the cyclic voltammogram extracted at the peak maximum of the
slow phase confirm its catecholaminergic identity. B) The presence of the slow
catecholamine release is independent of the recording locale proximity to the adrenal
cortex (n = 6).
Medulla
1
2
3
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Figure 4.2. Electrochemical characteristics of fast and slow catecholamine release.
A) Both fast and slow catecholamine release require long periods of equilibration before
the stabilization of the electrochemical signal occurs. B) The magnitudes of the average
oxidation currents for fast and slow release phases are found not to be significantly
different.
127
128 
 
phase tends to start fluctuating in amplitude often resulting in its complete disappearance 
and appearance several minutes later (data not shown).   
 
Biphasic signal dependence on intra- and extracellular [Ca2+]  
 To explore the dependence of the slow phase of the electrically stimulated release 
on extracellular [Ca2+], the slices were perfused with BBS1 containing 0.1 mM Ca2+.  Upon 
perfusion of low [Ca2+], the fast release component was eliminated immediately while the 
slow phase remained present (Figure 4.3.A bar graph, n = 3).  Hence, perfusion of low 
[Ca2+] buffer allowed exposure of the pure slow phase.  When the normal (black) and low 
[Ca2+] electrically stimulated traces (magenta) were subtracted (Figure 4.3.A left) the 
differential trace (black dotted line) was identical in shape and temporal response to the 
traces obtained in chromaffin cell clusters described in Chapters 2 and 3.  Overall, the slow 
component of electrically stimulated catecholamine response was found to be independent 
of external [Ca2+].       
 To test the possibility of the slow phase developing due to the rise in cytoplasmic 
Ca2+ levels caused by Ca2+ release from intracellular stores (sarcoplasmic and endoplasmic 
reticula), the slices were perfused with thapsigargin (THG).  THG is  a pharmacological 
agent that increases cytosolic Ca2+ levels by binding to SERCA enzymes and preventing 
Ca2+ from being pumped into the sarcoplasmic and endoplasmic reticula (Miranda-Ferreira 
et al., 2009).  Perfusion of 1 µM THG dissolved in low [Ca2+] BBS2 buffer did not have an 
effect on either the fast or the slow components of electrically stimulated release (n = 4).  
Figure 4.3.B shows representative current vs. time traces obtained before and after 60 min 
THG perfusion.  The THG findings strongly suggest that the slow phase is most likely not 
evoked by the elevation of cytosolic Ca2+ levels due to mobilization of intracellular Ca2+ 
stores.         
 
A)
B)
Figure 4.3. Calcium dependence of slow catecholamine release. A) Slow
catecholamine release was unaffected by lowering the extracellular calcium levels. B)
THG did not affect either the fast or the slow component of the electrically stimulated
release.
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Modulation of slow catecholamine release by ions 
 To test for the involvement of Na+ action potentials in the slow catecholamine release 
1 µM TTX was perfused.  TTX acts as an inhibitor of voltage-gated Na+ channels (Catterall, 
1980) and as such it is expected to block all electrically stimulated release.  The slow phase 
of the electrically stimulated release was found to be insensitive to TTX while fast phase 
was abolished almost immediately upon perfusion (n = 5, Figure 4.4.A).  The sodium-
independent slow phase is a strong indicator of a nonphysiological origin for the slow 
catecholamine release. 
   Chapter 2 has revealed the cholinergic origin of the fast response and as such this 
response can be used as a control of a functional slice preparation.  We also wanted to 
investigate the possible involvement of the nicotinic cholinergic receptors as the underlying 
cause for the slow catecholamine secretion.  Therefore the slices were perfused with 100 
µM HEX.  As expected, the fast phase was HEX-sensitive but the slow phase was HEX-
insensitive (n = 5, Figure 4.4.B).  The inability of HEX to block slow phase suggests that the 
cholinergic nicotinic receptor mediated secretion does not play a role in slow catecholamine 
release.  The subtraction of pre- and drug perfused (TTX or HEX) electrically stimulated 
traces reveals the pure fast phase described in Chapters 2 and 3 (Figure 4.4.A and 4.4.B). 
 In addition to the nicotinic cholinergic receptor (nAChRs), we wanted to investigate 
another cholinergic receptor subtype found in chromaffin cells.  Muscarinic cholinergic 
receptors (mAChRs) are believed to play subsidiary role to nicotinic receptors.  mAChRs 
belong to a family of membrane proteins known as of G-protein-coupled receptors (GPCRs) 
and as such they are considered to be slow-acting while nAChRs that are ligand-gated ion 
channels and are fast-acting.  The onset of catecholamine release due to activation of 
muscarinic receptors occurs on the order of seconds (Holman et al., 1998; Olivos and 
Artalejo, 2008).  Perfusion with 4-DAMP (n = 3, data not shown), a selective muscarinic 
receptor antagonist acting at 4 of 5 known muscarinic receptor subtypes did not affect the 
A)
B)
Figure 4.4. Modulation of slow catecholamine release by ions. A) The slow phase
remained present during both the TTX perfusion (A) and the HEX perfusion (B). The
current vs. time traces on the right reveal the signature fast catecholamine release event
upon subtraction of the pre- and post-drug traces.
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 slow phase of electrically stimulated release.  The data strongly suggest that cholinergic 
muscarinic receptor mediated secretion does not appear to cause the slow phase. 
 
Effects of stimulation parameters on biphasic signal 
To probe the effects of electrical stimulation parameters on the slow phase, the effect 
of stimulation current amplitudes and pulse widths were applied to the slice.  In particular, 
electrical stimulation amplitudes of 150, 250, 350 and 450 µA and stimulating pulse widths 
(per phase) of 2 ms, 1 ms, and 0.5 ms were employed and examined for the presence of the 
biphasic response (both were randomly varied).  While the maximum quantities of 
catecholamines were obtained with 350 µA and pulse width of 2 ms per phase (based on 
the electrical stimulation parameters used in brain slices), these were found to evoke 
biphasic response in adrenal slice.  The slow phase was not present with stimulation 
currents ≤ 250 µA (n = 5) or stimulation widths of ≤1 ms per phase (n = 5, Figure 4.5.).  The 
dependence of the slow phase on electrical stimulation amplitude and pulse width strongly 
suggest that the overstimulation of an adrenal slice preparation is most likely the underlying 
cause of slow catecholamine secretion.   
 
Discussion 
 Choosing the correct stimulation parameters is critical in obtaining physiologically 
relevant data.  This work demonstrates that high intensity electrical stimulations lead to a 
nonphysiological catecholamine response as revealed by biphasic release profiles and 
confirmed with pharmacology. The biphasic electrically stimulated catecholamine release 
was obtained with stimulating pulses of 2 ms per phase in duration and 350 µA in amplitude.  
While these parameters were chosen because they resulted in the maximum quantities of 
rapid catecholamine secretion, the appearance of the slow phase is indicative of 
A)
B)
Figure 4.5. The effects of electrical stimulation current intensity and pulse width on
slow phase. A) Slow phase is absent when slice is electrically stimulated with currents of
≤ 250 µA. The current vs. time overlays shown on the left illustrate the development of the
slow phase with increasing stimulating current intensities. B) Stimulation with narrower
pulse widths (≤ 1 ms) also resulted in the absence of the slow phase.
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 overstimulation.  We have found that chromaffin cells are only marginally electrically 
excitable and trying to depolarize them results in a nonphysiological response.         
A possible cause of the catecholamine response that is slow in both onset and decay 
could be attributed to the interplay of intracellular [Ca2+] and muscarinic cholinergic 
receptors.  In support of this hypothesis, in isolated chromaffin cells muscarinic receptor 
activation has been shown to cause release of Ca2+ from the intracellular stores (Role and 
Perlman, 1983; Wakade and Wakade, 1983; Cheek et al., 1989).  Exocytosis, when evoked 
by mobilization of intracellular Ca2+ stores, is temporally delayed in comparison to 
endogenous acetylcholine induced response (Misbahuddin et al., 1985).  Hence, we 
considered intracellular Ca2+ a probable candidate responsible for the slow catecholamine 
release.  However, neither did the slow or the fast phase display any dependence on THG, 
a pharmacological agent that causes release of Ca2+ from intracellular stores.  Furthermore, 
the slow phase was insensitive to 4-DAMP, a highly selective muscarinic receptor blocker.  
Additionally, the slow phase was found to be independent of extracellular [Ca2+].  Our data 
imply that the slow catecholamine release is not caused by either the direct depolarization of 
the chromaffin cell membrane or mobilization of intracellular Ca2+.   
TTX findings further corroborate the idea that the electrical stimulation amplitude of 
350 µA does not cause direct cell depolarization.  We have found the slow response to be 
independent of TTX.  If a cell membrane is directly depolarized, the current is carried by Na+ 
channels that are blocked by TTX.  Continual application of such high stimulating current 
(typical experiment can last up to 10 hrs) most likely leads to electroporation (Gehl, 2003), a 
process that causes pores in cell’s membrane leading to loss of electrical and chemical 
gradients across the membrane and influx of ions such as Ca2+ that can evoke exocytosis.  
The transient pore formation would not only explain the slow onset and decay of the second 
phase catecholamine signal but also the fluctuations of the slow signal amplitude with time.  
Moreover, if electroporation is indeed the mechanism underlying biphasic catecholamine 
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release, then it may also explain why the biphasic response does not manifest itself in every 
release event evoked by 350 µA of stimulating current.                 
Electrically stimulated release in tissue slices must be closely examined prior to 
proceeding with explorations of desired physiological mechanisms.  Contrary to our 
expectations, the slow onset and decay of the second phase of electrically stimulated 
catecholamine release was not evoked by direct depolarization of chromaffin cell 
membranes.  Instead, pharmacological manipulations in combination with stimulation 
parameter study strongly suggest cell membrane disruption with electrical stimulation.  A 
plausible mechanism underlying membrane disruption is electroporation.   
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